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INTRODUCTION 


The improvement of plants and animals by systems of breeding 
is contingent upon the inheritance of the qualities it is desired to 
perpetuate. In consequence, much emphasis of late has been placed 
upon an understanding of the fundamental principles underlying 
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the transmission of characters, in an effort to remove some of the 
uncertainties of breeding and to provide a basis for a more orderly 
procedure for future improvement. 

The manner in which new characters arise is still in dispute, but 
with the progress of investigation it has become increasingly clear 
that the process of the transmission of characters is largely mechani- 
cal. For purposes of convenience the characters manifested to our 
perceptions are thought of as resulting from the interaction of genes, 
invisible determiners located in the germ cells. These hereditary 
elements are transmitted from one generation to another ordinarily 
without change. Some characters are relatively simple, requiring 
for expression but a single gene, but all degrees of complexity exist, 
some of which exceed the limits of our present ability to analyze the 
hereditary constituents into their component parts. 

The genes occur:in groups; groups which in some organisms cor- 
respond to the haploid number of chromosomes, leading to the belief 
that the chromosomes are packages of genes. 

Experimental evidence of exceptional accuracy has been acquired 
from many sources showing that the genes are arranged in a linear 
series with respect to one another and always in the same order. 

Further, it has been possible to measure the distance separating 
the genes in any given group, not in actual units of linear measure 
but relatively to one another. The distance between related genes 
expresses their correlation and measures the extent to which they will 
appear together in inheritance. Genes which appear together in 
inheritance are spoken of as linked and the phenomenon is known 
as linkage. | 

To study linkage relations the procedure is to cross two individuals 
that differ with respect to two characters, the genes of which are 
located in the same chromosome. In the first generation the domi- 
nant form of both characters is expressed. The first-generation 
individuals will produce gametes of four kinds representing the four 
possible combinations as follows: (1) Both characters like the 
female parent; (2) both characters like the male parent; (38) one 
character like the female parent, the other character like the male 
parent; (4) lke 3 with the characters reversed. The nonparental 
combinations, 8 and 4, are called the crossover class. The percent- 
age of the total number of gametes that falls into this class is the 
percentage or rate of crossing over. 

If the second generation is the result of back crossing the first- 
generation individuals with individuals homozygous recessive for 
both of the characters, the characters of each effective gamete pro- 
duced by the hybrid individual will be expressed in the offspring. 
If the two characters are completely independent, the four combina- 
tions will occur in equal numbers and the two combinations repre- 
senting the crossover class will be 50 per cent of the total. If 
crossing-over percentages in excess of 50 were found they would 
represent disherences, or cases where the characters descended from 
opposite parents tend to become associated in inheritance. 

With the demonstration of the linear arrangement of genes sepa- 
rated by measurable distances, the question has arisen as to the sta- 
bility of these distances. This question of stability is of more than 
theoretical interest, since plant improvement through breeding often 
depends upon the facility with which character combinations can be 
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dissolved or upon the certainty with which a given complex of linked 
characters can be relied upon to remain in combination. 

Geneticists working with Drosophila have demonstrated the exist- 
ence of many factors both heritable and environmental that affect 
the degree of relationship of certain genes. The data accumulated 
by the several investigators who have considered the problem of 
variability in crossover rate have been assembled and evaluated by 
Morgan, Bridges, and Sturtevant (/3).*_ For a thorough discussion 
of the genetic and environmental factors that affect crossing over 
in Drosophila the reader is referred to these authors.’ 

The nature of the mechanism assumed, to provide a means for the 
transfer of heritable elements from one chromosome to another, is 
such as to render any very definite rates of transfer extremely im- 
probable yet genetic literature abounds in discussions that aim to 
fix within one or two units the distances that separate two genes. 

Those working with characters of mature plans where populations 
are limited to hundreds of individuals long have recognized the futil- 
ity of attempting to establish crossover rates other than to determine 
whether a given pair of genes is linked or independent. Where dis- 
tances are approaching 50 units even this modest effort is not always 
successful, and in many cases investigators have succeeded only in 
amassing conflicting data which for definite interpretation must 
await the discovery of characters located at the intermediate 
positions. 

With the seed characters of maize it 1s possible to go somewhat 
further, for with these characters large populations are matured 
under very uniform conditions, yet even here much variability is 


‘encountered. 


Investigators of linkage phenomena in maize are familiar with 
the fact that in tests involving a number of ears some will be found 
that depart from the crossing-over mean of the progeny by percent- 
ages too large to be ascribed to chance. This is especially noticeable 
in linkages involving seed characters where relatively large popula- 
tions are possible and the significance of the aberrant ratios can be 
established conclusively. 

In numerous progenies involving the linked pair of factors (’ and 
Wa individual ears have been found having as low as 8 per cent 
and as high as 50 per cent of crossing over. In these cases the indi- 
vidual ears clearly were aberrant as far as the percentage of crossing 
over was concerned, and the observed percentage could not be con-_ 
sidered as due to errors of random sampling from a population hav- 
ing the percentage of crossover gametes indicated by the mean of the 
progeny in which they appeared. 

The material used for the most part has arisen from a single 
cross between the Chinese waxy maize and a colored pop corn from 
Algeria. Numerous progenies have been grown from the original 
cross in the course of experiments attempting to interpret aberrant 
aleurone, waxy, or crossover ratios, and though most of these prob- 


1 Italic numbers in parenthesis refer to “ Literature cited,” p. 64. 

2 Since this bulletin was prepared there has appeared a comprehensive study of cross- 
over variability in maize by Stadler (17). Although many of the conclusions here pre 
sented are in accord with those of Stadler, in some instances there is disagreement. He 
also presents data on some features not considered in this paper. For a more complete 
understanding of the several points involved both papers should be consulted. 

3C¢ is a factor necessary to the production of aleurone color and We is the factor that 
differentiates horny and waxy endosperm, 
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lems remain unsolved the efforts have resulted in the accumulation of 
a large mass of data which can be utilized for an analysis of linkage. 

The data available as to the linkage relations of these factors 
show that stability of crossover rates is no more to be expected than 
stability in other biologic processes. Almost any possible grouping 
of the data brings to light significant differences in the rate of cross- 
ing over, if the numbers involved are sufficiently large, and it is the 
purpose of the writers to consider some of these differences and their 
causes. 

The rate of crossing over in the formation of gametes must be in- 
ferred from zygotic ratios, and observed changes may be due (1) 
to changes in the proportion of crossover gametes formed, (2) to a 
differential death rate of crossover gametes, (3) to selective 
fertilization, or (4) to a differential death rate of zygotes. 

Strictly speaking, changes other than those specified in 1 are not 
changes in the rate of crossing over. Both 1 and 2 are gametic and 
there is little hope of being able to distinguish between them except 
through refinements of cytological methods. 

It is not a simple matter to make even the general distinction be- 
tween gametic and zygotic variation in the rate of crossing over. 
Selective fertilization as a source of variation is eliminated when the 
crossing over is measured by back crosses of which one parent has 
the gametes all of one kind in respect to the characters under 
consideration. 

A differential death rate of zygotic classes may be detected by a 
comparison of linkage and repulsion values. But to do this the 
comparison must be made between distinct progenies, and the experi- 
ments show that sister progenies often differ significantly in crossing 
over. 

Another method of detecting differential death rates of zygotic 
classes is to cross two individuals having the gametic compositions 
AabbandaaB b. This will yield a population with all four 
classes and no opportunity for linkage. Here again individual 
diversity precludes the possibility of generalization. With prog- 
enies involving the same two characters there are some that show 
significant departures from equality of the four classes, while in 
closely related progenies no difference appears. 

In view of the variability of the crossover ratic it was thought to 
be desirable to consider the factors that were associated with this 
instability before considering the conditions that bring about changes 
in the rate. Accordingly, in the present bulletin the data are first 
scrutinized from the standpoint of variability and then considered 
from the standpoint of the factors associated with changes in the 
rate. é 

STATISTICAL TREATMENT * 


In dealing with variations and differences in the percentages of 
characters or of crossing over, the significance assigned to the results 


4 EXPLANATION OF STATISTICAL SYMBOLS.—N=number of subgroups, n=number of seeds, M=mean, 
M,=mean percentage, PE=probable error, D/ H=difference divided by the probable error, Ez=probable 
error of a difference, p=percentage, g=100 minus p, Q=Yule’s coefficient of association, r=product mo- 
ment coefficient of correlation, 2=summation, ce=standard deviation, ¢,—standard deviation of x array, 


o,=standard deviation ofy array, c,_,—standard deviation of r—y array, c,.=standard deviation corrected 
to 50 per cent, o;,»—staadard deviation corrected to 50 per cent and for size of population, H=harmonic 
mean, x,;=0.67449/ ./n, 
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(observed measures) depends upon the choice of a method for calcu- 
lating the probable errors. Throughout the present bulletin the 
attempt is made to apply to the observed means and differences the 
method that would be most critical. 

In general, three formule have been used in dealing with the prob- 
able errors of ratios. 

For the probable error of percentages on indiyidual ears use is 
made of the familiar formula 


0.67449 
PE ae ae (1) 


where n=the number of seeds, p—the percentage, and g=100 minus 
the percentage of the character concerned. 

In this operation the caiculations are greatly facilitated by the use 
of the tables of Miner (12) for the value of pg and of Pearson (1/) 
for the values of 0.67449/4/n. 

For the probable error of the mean percentage or rate of crossing 
over in a progeny or group of individuals this formula gives too 
small a value except in those cases where there is no individual 
diversity. If the crossover values of the individual ears are not 
chance departures from a common mean, the reliability of the general 
mean is influenced by the number of ears involved. 

For these cases the observed percentages of the individual ears 
have been treated as an array for which the standard deviation was 
calculated. Since the ears vary in size, the squared departures from 
the mean were weighted by the number of seeds on the ear. 

For the probable error of the mean percentage, use is made of 
the formula 
0.67449 0.67449 /Enp* _ ay 


ARNE Do ENO Sy a (2) 


where p=the percentage, n—the number of seeds, ,—mean per- 
centage, and V=the number of ears. 

Where the problem involved differences between pairs of ears, 
still a third method was used. For these cases the differences be- 
tween the paired ears were taken as an array for which the stand- 
ard deviation was caluculated. 

Since the differences were between ears of various sizes, it was 
essential to employ a weighting factor, but the differences may not 
be weighted by the number of seeds, because the ears of a pair vary in 
size. Thus a given difference based on two ears, one of 100 seeds 
and the other of 800, calculated by the mean number of seeds, would 
have the same weight as a difference between two ears each of 450 
seeds, whereas the significance of the latter difference would be very 
much greater. 

Accordingly, recourse is had to weighting the differences by the 
reciprocal of the square of the probable error of the difference where 
the errors of each ear were calculated by formula 1. 

The formula for the probable error of a mean difference is 


0.67449 0.67449 1 1 
(EO ——— =S Hye Sat: Jeter wife? 
PEs NG coe ae ype m2 tee 8) 


PH= 
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where d=difference, 'z=probable error of the difference, V=num- 


ere ik 
ber of ears, and M,=weighted mean difference= ~¢y735/2473° 
:, Ea] Ea 


In all populations of 20 or less, the standard deviation and prob- 
able errors of the mean have been increased by using the correction 
of Pearson (75) for the standard deviation of small numbers. 

In applying this correction in the calculation of probable errors 
Table 1 was found a convenience. This table was prepared by 
dividing the values of x, =0.67449/ /n of Pearson’s tables by the con- 
stants given for the correction of small samples. In use, the ob- 


served standard deviation is multiphed by » the value opposite 


X1 
 Z/e 


the number of individuals in the population. 


TABLE 1.—F actors for converting standard deviations (g) of small populations 
into probable errors 


x1 - x1 xi 
Number je Number S/o Number S/o 

ARES eas oe eee 0742266 2)| Oe Sess eae eee ee OF23116: || iG eee 0. 17707 
yee ee a Seat eS ative te Ui) | el el meena = ate ee Se Se a oe SL SOS ii OM eee eee ee ee 17128 
ee ei ee ass see SLO 2a RA iece Sree hee eee COS0bH PAS eee see eee 16602 
CS ENE I RE ee 2S LOD | |e les axeege eran ene eee ~ LOS8O | A QER oer os ee ele 16120 
to Yctit eee te POOH See ee Me Bi 26417 KA Se te Rea IER +. 9069 st) DOs. Sar ee eee 15679 
O eet Se Be ER PAGO :| WAS York Se eee 18351 


In comparing the variability of two or more populations it is 
customary to make use of the coefficient of variability. The coef- 
ficient of variability is the standard deviation expressed as a per- 
centage of the mean. When direct physical measurements are 
involved the use of this constant is desirable, since it corrects for 
the change in standard deviation that follows a change in absolute 
magnitude of the measurements. The coefficient of variability is 
of doubtful value, however, when applied to ratios such as rate of 
crossing over or Mendelian percentages. In series of ratios there 
usually is a high negative correlation between the mean and the 
coefficient of variability which can mean only that the coefficient 
of variability is influenced unduly by the magnitude of the mean.® 
Examples of this relationship may be seen in Tables 3 and 5. On 
the other hand, it is in the nature of ratios to show a decreasing 
variability as the mean ratio departs from 0.5, or 50 per cent. This 
follows, of course, from the fact that the range of ratios is limited 
between 0 and 1. 

The standard deviation of a ratio is Vpg, where y=—the number 
in one class divided by the total number and g=1—y». The standard 
deviation of a series of ratios each based on the same number, 2, is 


Vpqg/n. 


5 Gowen (7) has ealeulated the coefficient of variability of the observed percentages of 
double crossing over in the third chromosome of Drosophila and concludes that the varia- 
bility in double crossing over is markedly higher than in single crossing over. It would 
appear that the large coefficients in the double-crossover ratio are a direct consequence of 
the very low mean percentages, The observed standard deviations are actually smaller 
than in the single crossing over, but corrected to 50 per cent, the variability in the two 
groups is of the same order, as would be expected from the close relation existing between 
the two processes. 
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TABLE 2—Formule for deriving p from Q for a number of gametic 
combinations * 


i Bawels Zyzgotic 
Gametic combination etic Formula 
A} b | 
a RE eS PE ad gt ae rd ROPE SR MRO Ts tt nT a AN Sok et 1:1 1:1 
aba ai pee 
aR rs 2 
af xo EL ea aT ERSTE 1 a: SUR ee Oe er ut | 2 
AaBe (AE 
seed See eli eS 
aba sf iets tenes) Ly: SR Ge pr VE20(Q=1)-2 
Ab Ad 3:1 3:1 ee 
Gee korg ee ee a es gee ee gee oe ES 
ABB’ abB’ See 
aoe xa} CP Aa ep Stee eee oe BP a ee oes errs aes eee re ee } 1:1 3:5 
Ad B’_abB _3Q—4+ -J16-15@ 
aBb’ XaD at Farr nnn nn nn nnn senna a= =- ELS is 6Q 
ABD _abB . moe se 
a a Sige 
2 xa i pS Se SERS ERENT Nes aia Pipe toa ad eS a hoe S55] Besa 
Ab AD 
ceed Se GET: ——_—— 
Ger uh aigtieareke atten < Go Loan ipe  2T ees OF tig ER Ee we Q-2+ -y4—32 
ae 2 2 
AP Bi GkU) / 1:1 1:3 . 
abd’ Db eaten So art a ee Se eee aS | 
ae 1:1 1:3 
BHR COOe Se oe ee ee a ee 
see ee Sei oe ea Seas OR YS 3:1 9:7|) | eee 
abv’) abb pin O=8+ VEPEQRNE? 
AS Paves a 6Q 
Ab By Ad BY 3:1 9:7 
MED en ee es ey | 
ABB’ Abd’ eg ice Saas 
abe Aral Renee eee oa Se pea totsaly=PeD 
a Es Q 
Ab B’ Ab = Sockets 
ROPOL Ge pang eee ewes gr ee 
ABY — 1:1 3:5 
TADS CARS SSR ea Ga cna ine ears neta i Cas aa | p= east Vi6= 
AbB B’ a Bb b’ : HT Bl fais 5 i 2Q 
NE ara itkets certs ri Sas Gjye t Pike ee a See 


1 4 and B are the dominant allelomorphs of the factor pairs, 4a, Bb. A’ and B’ are the dominant 
alielomorphs of the pairs, A’ a’, B’ b’. The primed letters represent complementary genes. The curved 
line connecting the factor symbols indicates a linkage of those factors. p=the percentage of crossing over. 


Since the fluctuations in ratios due to errors of sampling become 
smaller as the ratio departs from 0.5, and the change is measured by 
the change in /7q, it is possible to correct for these changes by multi- 
plying the observed standard deviation by 0.5/Vpg. This changes the 
standard deviation to that expected had the mean ratio been 0.5, or 50 
per cent. Standard deviations corrected by the factor 0.5/Vpg are 
designated o,,. This correction neglects the fact that for small 
ratios plus variations will be more frequent than minus variations, 
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but the error from this source is small. The formula for the dif- 
ference between plus and minus variations is given by Haldane (8) 
as 0.8033(1—2p)/n, to be added to the probable error in excess 
and subtracted from the probable error in defect. 

For a discussion of the variability of percentages, see Wright (78). 

To determine whether the variability in a series of observed ratios 
is greater than the expected in random samples from a single popu- 
lation, the observed standard deviation is compared with the stand- 
ard deviation of the mean ratio, pg/n. Where the number on which 
the individual ratios is based varies, Yule (79) has been followed and 
the harmonic mean of the numbers (#7) taken for the value of n. 

The formula for the expected standard deviation in a series of 
ratios (expressed as percentages), if the variations are due only to 


errors of sampling, is-/pg/H, where p=the mean percentage, g= 
100—p, and H=N 2 nm being the number on which the individual 


percentage is based and W the number of percentages in the series. 

All linkage values have been calculated from the coefficient of 
association, Y. The merits and limitations of this method have been 
outlined by Collins (5). It was applied to the studies in hand and 
even to the back crosses, because by this method the crossover values 
are not distorted by differential death rates of zygotic classes, ex- 
cept in the event that the death rate of a combination of characters 
differs from the combined death rate of the single characters. The 
Bridges (3) method of balanced viability could not be used without 
introducing the element of individual diversity. 

The formule for determining the rate of crossing over p from @ 
for the several gametic combinations that occurred in these studies 
are given in Table 2. The calculations were greatly facilitated by a 
series of curves plotted from the equations. 


VARIABILITY OF CROSSOVER RATE 


VARIABILITY NOT UNIQUE IN C-Wx LINKAGE NOR IN CHINESE-ALGERIA MAIZE 
HYBRIDS 


That the variability found in the rate of crossing over between 
C and Wz is not unique for this pair of linked genes is shown by the 
results obtained by Emerson and Hutchison (6) with the B—Lg® fac- 
tor pair, where standard deviations of 4.48-+0.49 and 4.49-+-0.49 were 
found in the male and female gametes respectively. These are 
standard deviations comparable with those for the C-Ww factors 
shown in Table 3. 

These authors also report on a series of plant reciprocals involv- 
ing the C—SA genes, where standard deviations of 1.98+0.21 and 
2.45+0.26 were found in the male and female gametes. Although 
both of these standard deviations are lower than most of those ob- 
tained with the C-Wa genes shown in Table 5, there are several 
progenies in this table with comparable standard deviations. 


— 


° 6 is a factor for plant color, and Lg is a factor for liguleless leaves, 
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TABLE 3.—Summary of the published data on linked seed characters in maize 
showing variability in crossover rate 


| Be shies 
.| Mean Coeffi- 0 COr 


Num-|Num 
Sex of : percent- : rected 
Authority cited gametes Der Pes age of oes plane cf T50 for size 
measured were | eee |) GSS fon of popu- 
: over lation 


I fj | 


Kempton (11), C-Wz--| Female and 19] 9, 065|26. 60-40. 68}4. 29-40. 47/16. 20-41. 77/4. 85-0. 53/5. 06-0. 55 


male. 
Bregger (2), C-Wr----- Female-__-- 9| 3, 105/26. 70 . 76/3. 09+ .49}11. 40-1. 80/3. 49+ . 56/3.824 .61 
Hutchison (9), C-Wz--|-.---do------ 12| 6, 704/21. 71+ . 55/2. 62+ . 36/12. 0541. 65/3. 184 . 44/3. 40+ . 47 
Emerson and Hutchi- (ee eee 19] 3, 865)38. Ol-- . 67/4. 18+ . 46/11. 00-1. 20/4. 30+ . 47/4. 48+ .49 
son (6), B-Lg. Female--_-__- 19] 4, 257|36. 58+ . 67/4. 15+ . 45)11. 35-41. 24/4. 314- . 47/4. 494- . 49 
Emerson and Hutchi- |fMale_______- 20| 5, 640) 1. 86+ .08) . 54+ . 06/28. 80-3. 07)1. 98+ . 21/2.06+4 . 22 


son (6), C-Sh. Female--_-_-- 20/10, 548) 2.98 . 13) . 83 . 09/27. 802-2. 96)2. 452 . 26/2. 55 . 27 


Similarly Gowen (7) has shown that in Drosophila, with environ- 
mental factors relatively constant and heritable differences reduced 
to a minimum, the percentage of crossing over is highly variable. 
Using the coefficient of variability Gowen concludes that double 
crossing over is more variable than single crossing over, but the 
propriety of using this measure of variability has been questioned 
(p. 6). If the observed standard deviation (co) of crossing over 
is compared with the expected, /pq/H, it is clear that double crossing 
over is less variable than single crossing over. Thus the o of single 
crossing over exceeds the expected by 1.610.277, whereas the o of 
double crossing over is but 0.005+-0.048 in excess of that expected. 
It is evident, however, that single crossing over is highly variable 
and in excess of that expected, on the assumption that the popula- 
tions measured were random samples from a single population. 
Gowen’s data are presented in Table 4. 


TABLE 4.—Standard deviations (oc) of percentage of crossing over in the several 
regions of the third chromosome of Drosophila melanogaster compared with 
the expected 

[Observed co irom Gowen (7) ] 


Region o Vpq/H | o—-pq/H DIE 
Single crossing over: 

SP eae S53 LE A ORAS (Bee Mt Agee be oe See ee ae 3. 810. 12 3. 03 0. 780. 12 6.5 
IS Sse ee ee en Sg et By Linea ee es ws 6. 33+ . 20 3. 90 2.43+ .20 12.2 
SEC ea ete eae Mr Fe Ye ene ee ae ne ee ge 8. 28+ .26 4. 46 3. 82+ . 26 14.7 
Sek eee epee aaron aire tae ha EE Taos CSE i) eae 9. 65+ .31 4. 83 4,824 .31 15.6 
EG ee ee ies emer ei ye a gg os Dee ee 2. 68 . 21 1. 61 1.074 .21 i 
ED Space se— on cae Wee aes ener fae) Oye he 3.9]1+ .12 2. 85 1.06+ .12 8.8 
TOM GE ae SS OE a ae Seg a 5. 92+ .19 3. 83 2.09-+ .19 11.6 
DER a nen teats Liber cet oe ele A 7. 574 . 24 4. 74 2. 88=t . 24 | 11.8 

FSS eee ee ee een OW Late SIL I LENA Sau at Tad OE 1. 68+ .13 2.21 | —. 538+ .13 4,2 
OATS 25 SRS Tae eee oa tak EA ey na ee 2. 26+ .18 2.88 | —.62+ .18 3. 4 
Ss Coe nee peter nee ee or A ee ee 3.794 .12 3. O1 . 78+ .12 6.5 
SO ee mes Gg NL En eR I ie 6. 10+ .19 4. 46 1.644 .19 8.6 
EE, CS ene ee eM iis Se I 2 es SS 2.32+ .18 1. 04 1. 28+ .18 7.1 
RES ae ee oe Aa ee NS 4.964 .15 3.90 | 1.064 .15 rao 

TENE a eS 5 SE ee Se ee Rae aR eR eee Se Re S| |S Sook eee 1. 608. 277 5.8 

Double crossing over: 

SePP PATI IGS Soar tes eee a re eee es een 1.038+ .03 . 99 . 04+ .03 LS 
SSID AETIG CRs Se) eles eth er ee ee eee eo 95+ .03 1.08 | —. 138+ .03 4,3 
pS ped ORRERTIUG EES prt Se ie CR BS eee ee ee 1. 46+ .05 1.16 30+ .05 6. 0 
ESHON GENS eet 5 saw 2 233 oa he. Nee Le er ae 61+ .02 .75 | —. 144 .02 7.0 
JOS ETI! co (fee aaa ny ARUN Pega oh, te 1. 21+ .04 117 | 04 .04 1.0 
Seer CECen ae = ech eteens Seiten ns ne ee ee oe . 67+ .02 .75 } —. 08+ . 02 4.0 

INT Barents yd = eels La a Soe Se eo ale Be eee ae cee . 005. 048 61! 
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The variability of the C-Wza linkage relationship seems to be no 
greater in the hybrids between Chinese maize and the Algeria pop 
corn used in these studies than in hybrids involving unrelated 
varieties. Thus the crossing over between C’ and Ww as reported 
by Bregger (2) has a standard deviation of 3.820.61, and that re- 
ported by Hutchison (9) has a standard deviation of 3.40-+0.47. 
(Table 3.) There would seem, then, to be no reason to believe that 
the variability in crossing over between C’ andWa is in any way 
unique or that it is any greater in the material used by the writers 
than in that studied by others. 


CROSSOVER RATE MORE VARIABLE IN SOME PROGENIES THAN IN OTHERS 


A study of a number of progenies discloses the fact that not only 
do progenies differ in the mean rate oi crossing over but also that the 
stability of the crossover rate varies, some progenies being much 
more variable in this respect than others. Biometrical constants for 
several progenies are given in Table 5. 

It will be seen that the progenies listed in Table 5, which are 
limited to those having not fewer than four plants, have standard 
deviations ranging from 0.78-0.19 to 11.00-++1.66; or if the very low 
one be disregarded because only four plants are involved, the range 
is from 2.620.380 to 11.00+1.66. 

A comparison of the expected standard deviation—that is, 
Vpg/H, with the o,, corrected for the size of the population—shows 
that in most cases the variability of the crossover rate is significantly 
greater than that expected for the individual progenies. A single 
instance is found where the observed standard deviation (oe, 9p) 1s 
significantly less than the expected, and this is in a group of only 
four ears. There are several progenies with o,,.» but shghtly greater 
than the expected, but of the 48 groups 38 show a variability that ex- 
ceeds the expected by more than three times the probable error of the 
difference. The mean of the array of differences is 2.98+-0.18, with 
the observed standard deviations exceeding the expected, and is 
clearly significant. 

There can be no question that in certain progenies the rate of 
crossing over is remarkably uniform and in others extremely vari- 
able, but in general the crossover rate is more variable than would 
be expected if the variability were due entirely to chance. 

The individual diversity among the plants of certain progenies 
with respect to the rate of crossing over is shown by the series of 
correlation coefficients in Table 6. ‘The coefficients are all calculated 
by the formula ~ 


2 2 
O71 + 09 = Gee 


2010 


where o, and co, are the standard deviations of the two variables 
weighted by the number of seeds on the ear, and the o,_, is the 
standard deviation of the array of differences between the paired ob- 
servations weighted by 1/#,. Although based on small numbers, 
the coefficients give definite evidence that progenies differ in a 
variety of ways with respect to crossing over, 


If 
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The data from a single progeny at Lanham, Md., in 1924, shows 
a sensible correlation between the percentage of crossing over in 
two samples of the same heterozygous pollen as well as a correlation. 
between the rate in upper and lower ears when the male parent is 
heterozygous. (Table 6.) 

These correlations can be interpreted only as resulting from fac- 
tors operating upon the male gametes, since in the same material 
no correlation was found between the percentage of crossing over 
in the male and female gametes. ‘The absence of a positive corre- 
lation in this latter instance shows that there are no genetic factors 
affecting both sexes in so far as this one progeny is concerned, and 
it also shows that environmental factors did not differentiate the 
individuals before the separation of the sexes. This conclusion 
derives further support from the lack of correlation between the 
percentage of crossing over on upper and lower ears where the 
female parent was heterozygous, thus indicating an absence of 
heterozygous genetic factors affecting the crossing over in one sex. 

An entirely different situation prevailed at Arlington, Va im 
1923, with two progenies closely related to that grown at Lanham, 
Md., in 1924. Here high correlations were found between the per- 
centage of crossing over on butts and tips where the female parent 
was heterozygous or homozygous, as well as between the percentage 
of crossing over in upper and lower ears when the male was heter- 
ozygous and also between male and female gametes. Krom these 

correlations it is not possible to determine whether genetic or gen- 
eral environmental factors are the causal agents, but it is evident 
that one or the other or both are differentiating the individuals with 
respect to the rate of crossing over. 

A similar condition is indicated for the crossing over between a 
and Zg and @ and Sh reported by Emerson and Hutchinson (6). 
the case of each of these linked pairs, sensible correlations are ie 
between the percentage of crossing over in the male and female 
gametes. 


TABLE 6.—Oorrelations between percentages of crossing over in two samples 
of gametes 


: i EE Product 
Correlation of percentage of crossing over between— berofal sees 
lants | Ce cient of 
p correlation (r) 
Cand Wz in two samples of same pollen, Lanham, 1924-____---.---------------- 13 0. 500-40. 145 
Cand Wz in male and female gametes, Lanham, 1924____.--_--.--.------------- 17 —. 333+ . 147 
Cand Wz in upper and lower ears, female heterozygous, Lanham, 1924__-__----- 7 —. 328+ . 146 
Cand Wz in upper and lower ears, male heterozygous, Lanham, Ooo a 10 . 730+ . 083 
Cand Wz in butts and tips, female heterozygous, Arlington, 1923, progeny 1____ 43 . 662+ . 058 
Cand Wz in butts and tips, female heterozygous, Arlington, 1923, progeny 2_-__- 26 . 541+ . 093 
Cand Wz in butts and tips, male heterozygous, Arlington, 1928, progeny 2_____- 10 . 962+ .016 
Cand Wz in upper and lower ears, male heterozygous, ‘Arlington, 1923, progeny 1- 8 .817+ .079 
Cand Wz in male and female gametes, Arlington, 1928, progeny 1_____________-- 34 . 678 . 062 
Band Lg in male gametes with that of female, Emerson and Hutchinson (6) ___- 19 . 380+ . 117 
Cand Sh in male gametes with that of female, Emerson and Hutchinson (6) -_-_-- 20 . 597+ . 091 
Cand Wz in upper and lower ears, male heterozygous, Ph 230L1 and L2R24_ ___ 10 . 2494 . 200 
Cand Wz in upper and lower ears, female heterozygous, Ph 230L1 and L2R24___ 32 - 483+ . 091 


VARIABILITY OF CROSSING OVER NO GREATER IN MALE THAN IN FEMALE 
GAMETES 


As a means of determining whether the male gametes are more 
subject to environmental influences than the female gametes, the 
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standard deviations of the percentage of crossing over in the two 


sexes may be examined. ‘These have been assembled in Table 7 for | 


13 progenies where reciprocal crosses between identical plants were 
available. Since the rate of crossing over is not alike for the two 
sexes, and to avoid a spurious difference due to the error inherent in 
the calculation of standard deviations of percentages centered at 
other than 50 per cent, the observed standard deviations have been 
corrected to a basis of 50 per cent. 

Table 7 shows that there is on the average a slightly greater vari- 
ability in the female than in the male gametes, but the difference is 
not statistically significant. None of the individual progenies 
showed a significant difference, and it seems safe to conclude that 
the variability of crossing over is no greater in one sex than in the 
other. 


TABLE 7.—Standard deviations of the percentage of crossing over in male and 
female gametes 


[Comparison restricted to reciprocal crosses] 


Female gametes 


Progeny Num- Naber Percent- 
ber of Gasceds age of o Tr 
ears crossovers 


IDG irs Tl CML 22 ee an eee ee ee 4 1,919 24,75 | 2.96-£0.71 | 3. 43-40. 82 
Dh-A41GE3isl CULT 123 ee Se see ee eek se 7 3, 400 25.80 | 4.65 .84| 5.31 .96 
Dh AiG U3 b1C Wet 223 x oe se ae 8 3, 064 31.41 | 6.781.14 | 7.321. 23 
DHAIGLSEICTE VES W238 2 See ON eee 7 2, 933 31.00 | 450+ .81 | 4 86+ .88 
Dn AlGDsEUCs 2h sa. se oe ee eee ee 5 2, 331 27.16 | 5.70=-1.21 | 6.411. 37 
Dhra oles Wl Cail 22) seo eee ee eee 5 3, 296 28.25 | 3.87 .83 | 4.30+ .92 
DL 01g: BLS) Bay Dak Gian Up) eek aon ee ee eae eS ee ae ee 5 4, 068 32. 57 | 7,391.58 | 7.881. 68 
IDR-AIGESLICSLALI3 =. 22 Fae eee es 7 3, 523 39.40 | 3.214 .58 | 3.294 .59 
Dh AIG L3G ol 24 Ses ee ee 17 7, 336 35.50 | 2.914 .34] 3.044 . 38 
Dh AGS bLC SER 23 Sas ek eee ees 49 24, 627 20. 47 | 5.244 .36| 6.494 .44 
WATERS LI Gol SUZR23 she ea ee ee Meee 11 5, 284 22.16 | 5.682 .82 |] 6.824 .98 
DW AW alde 21a eZ) a cess eee er Peele ee 13 4, 995 20. 62 | 4.838 .64 | 5.954 .79 
IDE ea A al) Op Dl bp By Sse a ap Ye Ree eee 13 4,122 25.10 | 418+ .55 | 4.814 .64 


Male gametes 


: Difference 
Topeny Percent- (o509 
Number ae 
¢ age of o 750 Cm 
of seeds crossovers ) ; 
1D Joy Z GUS DAY Dal CAN ORM PPR eee es Se a 1, 885 20. 53 | 2.0440. 49 | 2. 538-L0. 60 0. 90-0. 99 
D41GE Stn Ciel 23 ae ee eee = 2, 104 24.50 | 6,511.17 | 7. 57-1. 36 |—2. 26-41. 67 
IDV) ZOGIL BH ba OUD EPA PASE Ss ee 2, 722 32. 36 | 6. 10-41. 03 | 6.521. 03 - 801. 61 
DRAG SiC GE 3 23 he eee ea 1, 387 30.50 | 5. 87-41. 06 | 6. 37-41. 15 |—1. 511. 45 
IDhy41G Ws bis 2s ee eens us 4,100 23.20 | 4.3384 .92 |] 5.1841.09 | 1. 281.75 
D416 Sl C3225 es oe ee eee ease S 2, 266 22.11 | 4.464 .95 | 5.3841. 14 |—1. 081. 47 
Dio GKG DB Oph Oh) Pps en ee Gane 29.65 | 8.97-41.91 | 9.8142.10 |—1.93+2. 62 
DAG ColMAW23 a aie Sea ee 3, 661 35.80 | 2.22+1.07 | 2.3824 .42 97+ .72 
1DIn ZOD R IO Leb Val bp) a 6, 300 37.60 | 2.938 .34 | 3.02+ .35 02+ .49 
IDO HCBIVIORIVRIVIN RA ee ee 27, 517 18.07 | 4.02 .28 | 5.224 .86} 1.27+ .57 
DH AIGE3SLICSL3E2R23 220 ee eee 3, 683 27.42 | 3.98+ .57 | 4.464 . 64 2. 36-1. 17 
OVA DT Die eS Se ee ae as 2 4, 693 16.71 | 2.714 .36 | 3. 63-4 . 48 2. 32+ .92 
IDI TEC OI7A ball DY) Ball Up bps ie eee aS ai ae i 3, 757 29.30 | 4.644 .61 | 5.104 .95 |— .20+1.15 
Mean . 628. 212 


In 4 of the 13 progenies the rate of crossing over is higher in 
the male than in the female gametes. If the difference between 
the crossover rates is assumed to be due to a differential viability 
of the gametes, the variability of crossing over would be expected 
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to be greater in the male gametes when the crossing over was low 
in the males. Conversely, the variability should be greater in the 
female gametes when crossing over is low in the female. The data 
have been analyzed from this standpoint. The seven progenies 
having leas crossing over in the male than in the female gametes 
have a mean difference in o55(55) 2 —o5) 6 ), with the female gametes 
more variable, of 0.839+0.286; and the four progenies in which the 
crossing over in the female gametes was less than that of the male 
have a mean difference in o,,, also with the female gametes more 
variable, of 0.812-+0.384. The difference of 0.525+0.439 between 
the two groups is not significant. Contrary to the hypothesis, the 
crossover rate in the female gametes is more variable when the 
percentage of crossing over is higher in the female than in the male 
gametes, but the difference between the mean of this group of 7 
progenies and that of the whole population of 13 is but 0.211+ 
0.356. There would thus seem to be no support for the idea that 
high variability is associated with a low rate of crossing over. 


VARIABILITY OF CROSSING OVER NO GREATER IN UPPER THAN IN LOWER EARS 


Although differences in the rate of crossing over between upper 
and lower ears are found in certain progenies, there are no con- 
sistent differences in the variability of the crossover rate in upper 
and lower ears. The standard deviation of the crossover ratio in 
upper and lower ears is practically the same, and this holds whether 
the heterozygous sex is male or female. The data for upper and 
lower ear groupings for three progenies are shown in Table 8. 

As in the comparison of variability in the two sexes, the absence 
of any correlation between the degree of variability and the apparent 
rate of crossing over indicates that a differential death rate of 
gametes or zygotes is not an important factor. 


TABLE 8.—Comparison of variability (05) im percentage of crossing over in 
upper and lower ears 


Upper ears Lower ears 
2 Difference 
rogeny Per- Per- (O59 upper— 
‘| centage centage 
of cross-| 7 750 of cross-| 7 750 750 lower) 
overs overs 
Male gametes: 
Dh 416L3L1C5L3L1R23 -_--___- 18.3 | 3.92 | 5.070. 85 20.2 | 2.83 | 3.52-40.59 | 1.551. 04 
Phi 230 and E2R245 oe 24. 8 4.68 | 5.41 .82 28. 1 5.89 | 6.55 .99 |—1. 41-E1. 28 
Dh 416L3L1C5L4L11L24---_____ 37. 4)| . 2.73.) 2. 82== . 43 SVYietiy | PSI Ih PSO0ES OBR 62+ . 54 
Female gametes: 
Ph 230L1 and L2R24-__-______- 18.8 | 5.38 | 6. 88=b . 58 19.7 | 5.77 | 7.262: .49 |— .38= .76 
Dh 416L3L1C5L4L1124--_-____- 36. 0 264 u2alo=e eros 34. 8 3.19 | 3.34 .39 |— . 59+ . 50 


VARIABILITY OF CROSSING OVER NO GREATER IN THE BASE THAN IN THE TIP 
OF THE EAR 


In two progenies the lower and upper halves of the ear were 
classified separately. In one progeny this procedure was followed 
for both male heterozygous and female heterozygous plants, but 
in the other only the female heterozygous plants were so treated. 
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The classification obtained from ‘these divisions furnishes data 
from which the relative variability in percentage of crossing over 
of the two halves of the ear can be measured. 

In all three cases (male and female gametes from one progeny 
and female gametes from the other) crossing over proved to be 
more variable in the tip than in the base of the ear, but in none 
of the cases was the difference significant. The mean difference 
(/%e?2V/XN) is 1.22-+0.56. 

It would seem, therefore, from the present data that one part of 
the ear is as variable as the other with respect to the rate of crossing 
over. The data are presented in Table 9. 


TABLE 9.—Comparisen of variability (00) ef percentage of crossing over in the 
tip and the base of the ear 


Tip Base 
Num- Difference 
Progeny ber of Fer Eee (om tip— 
ears | centage centage 
of cross-| 7 e0 of cross- 750 7s base) 
overs ,overs 
Female gametes: 
Dh 416L3L1C5L3L1R23___- 43 22.10 | 6.19 | 7.4640. 54 | 20.68 | 5.27 | 6.5140.47 | 0. 95-40. 70 
Dh 416L3L1C5L3L2R23___-_ 26 24.02 | 7.62 | 8.824 .88 21.49 | 5.53 | 6.72 .63 2. 10-1. 04 
Male gametes: 
Dh 416L3L1C5L3L2R23___- 10 27.28 | 7.05 | 7.901. 19 28.19 | 7.10 | 7. 88=E1. 19 . 021. 68 


CROSSING OVER GENERALLY LESS VARIABLE IN SEVERAL SAMPLES OF THE SAME 
INDIVIDUAL THAN IN SINGLE SAMPLES FROM SEVERAL INDIVIDUALS 


In narrowing the field of factors that might bear a causal rela- 
tionship to the variation 1n crossover percentages, it became of inter- 
est to compare the variability as measured in a progeny of plants 
with that of several measures of individual plants from the same 
_ progeny. : 

Tt seldom happens that a single plant serves as a parent for more 
than two ears, but the records afford two cases where plants served 
as male parents in four and five pollinations. 

Many progenies are available where single plants have functioned 
twice as male parents, and two progenies furnish material where 
single plants have functioned twice as female parents. 

These paired samples can be used to calculate the relative vari- 
ability of samples from single plants as compared with that of 
several plants. If two sampies of gametes from an individual are 
as unlike, on the average,-as the means of the individuals, then the 
standard deviation (c) of the differences between pairs should equal 
the standard deviation of the sum. 

These comparisons have been made for a number of progenies and 
various sorts of paired samples in Table 10. 

For some of these progenies the same relationship is indicated by 
the correlation between samples as shown in Table 6 (p. 13). 

The first five entries in Table 10 are drawn from upper and 
lower ear groupings and are limited to pollinations made on the 
same day. Those where the male parent is heterozygous are further 
limited to the same double recessive parent, thus obviating any 


Se 
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effect that the homozygous recessive parent might have on the 
gametic proportions. In entries 6 to 9 of the table the data are as- 
sembled without respect to whether the two pollen samples were ap- 
plied on the same day or to the same double recessive parent. 


TABLE 10.—Comparison of the variability of crossing over in a population with 
that of samples from single individuals 


[Comparison is made between the standard deviation (c) of the differences between paired samples and 
that of the sums of the samples and also between the upper and the lower halves of the ears] 


Progeny aoe ber of |ber of | & difference o sum (o sum—o D/E 
ears | palrs difference) 
Paired samples: 
(1) Dh 416L3L1C5L3L1R23__| Male_.....|_-___- 8 | 2.30-+0.39 | 7.14+1.20 | 4.84+1. 26 3.8 
(2) Ph 230L1 and L2R24______|__- 6 (open ote | 10 | 5.47+ .83} 8.38+1.26 | 2.91+1.51 1.9 
(3) SD he4z1 Gish Cowua ras |e dos sea LON | ei2== 920 4.46+ .68 2.74+ .73 3.8 
(4) Ph 230L1 and L2R24______ Hemales=:|2=2 32 | 5.59 .47 9. 52+ .80 3. 938+ .93 4.2 
(5) Dh 416L3L1C5L4L11L24__|___ GOwest cee]! s tebe A ESTHSS 50) 3.40+ .40 |—1.37+4 .68 2.0 
(6) Dh 416L3L1C5L4L1L24__| Male______|_____- 13 | 2.584 .47 5.92 .7 2. 39+ .90 72,71 
COVDNA4IGESELC SESE R233 aE dows a 16 } 2. 58+ .31 9. 72-1. 16 7. 1441. 20 6.0 
(8) Dh 416L3L1C1L11L21.23__|__- GOs see aes 8 | 3.614 .61 | 11.0041. 86 7. 39-41. 96 3.8 
(9) Dh 416L3L1C5L41L23_____|__-_ GORE Se oe E eae 8 | 3.65=: .62 4.464 .7 Sit .98 0.8 
Ear base and tip samples: 
(10) Dh AIGLSLICSL3LIR23 _| Female___- AS cee see 4.75 .35 | 10.844 .78 6.09+ .85 te 
(1) Dh 416L3L1C5L3L2R23 _|___do______- 26 ete ee 6. 56 .61 | 11. 58-1. 08 5. 02-1. 24 ae 
5. 


(12) Dh 416L3L1C5L3L2R23 _| Male_____- 1K)? see 1.904 .29 | 14.10+2.12 | 12. 20+2. 14 


Table 10 shows that in general the samples of gametes from the 
same individual are less variable than the population as a whole. It 
is equally obvious, however, that in some progenies the samples are 
not less variable. In these cases it will be noted that the standard 
deviations are relatively low, and as a matter of fact in these prog- 
enies no correlation in the rate of crossing over is found between 
the paired samples, indicating that the progenies have reached 
genetic uniformity with respect to crossing over. 

As a further check on the relative variability of the percentage of 
crossing over in several samples of a single individual compared 
with that of single samples of several individuals, two plants are 
available in a single progeny from one of which five samples of 
pollen were taken and from the other four samples were taken. 
These samples are all of the male gametes, and the standard devia- 
tions may be compared with that of the population of male gametes 
as a whole for this progeny. The plant from which five samples of 
pollen were taken had a standard deviation (c;,) of 2.78 +0.59 and 
that furnishing four samples had a standard deviation of 4.50 
+1.07 (corrected for size of population). These standard deviations 
(Table 11) are to be compared with that of 2.82 +0.22 for the popu- 
lation as a whole. In this progeny, therefore, it would seem that the 
individual plants did not vary among themselves in the rate of 
crossing over to an extent greater than did the several samples of 
single individuals. This conclusion is further supported by the 
results cited in entry 9 in Table 10 where two samples of pollen 
were used from each of eight plants in this same progeny. 

Additional comparisons between the variability of individuals and 
that of the samples from a single individual are afforded by three 
lots of ears in which the upper and lower halves were classified 


19987°—27——3 
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separately. In all three lots the variability between the base and 
tip samples was less than that of the individual plants. The data 
are included in Table 10 (entries 10-12). 


TABLE 11.—Comparison of variability of crossing over in a population. with that 
of samples from single individuals in the same population 


Standard deviations corrected for size of 


population 
Progeny 
Entire pop- 
5samples | 4samples ulation, 37 
from 1 plant | from 1 plant plants 
So Grate a es ene a Omen. Balai eee 2 2.7840.59 | 4. 50-1. 07 2, 820. 22 


In most progenies, therefore, there seems to be no question that the 
variability in crossover rate for the population as a whole is greater 
than that found in samples of gametes from individual plants. Ex- 
ceptions have been noted, but in these cases the variability of the 
crossover ratio was relatively low. 


CROSSING OVER LESS VARIABLE IN SAMPLES FROM DIFFERENT PARTS OF THE 
SAME MALE INFLORESCENCE THAN IN SAMPLES FROM SEVERAL INFLO- 
RESCENCES 


Samples of pollen were collected separately from several parts of 
a maize tassel and applied to the silks of double-recessive plants. 
The data are given in Table 12. Unfortunately, several of the 
pollinations resulted in very few seeds, thus precluding any very 
exact determinations of differences in rate of crossing over between 
the sections of the inflorescence, though the greatest difference is 
10.4 per cent. The material can be utilized to compare the varia- 
bility of the crossover rate with that expected if the several pollina- 
tions were samples of the same population and also with that. ob- 
‘tained in the progeny of which this plant was a single representative. 
The standard deviation corrected for size of population (¢,,) is 
4,.73+0.92 and the Vpq/f is 6.52, the crossover ratio being no more 
variable than is to be expected in samples of this size. The oa, 
for the male gametes of the progeny is 8.70+0.71, from which the 
o;, Of this plant departs by 3.97+1.16. Clearly, in this progeny 
the variability of crossing over, as measured in several parts of a 
single inflorescence, is less than that obtained with single measures 
of several plants. | 


TABLE 12.—Crossing over in different parts of the tassel of a single maize pliant 


Number | Percentage of 


Parts of tassel of seeds | crossovers 


Centralis pikes 22) sien pia ees 0 ae ea a ar ye ete eee sage ee 395 27. 1-41. 50 


Wippermost: tassel pramche ce. hes Sak eis a ee Aes neon we eUt ts ii 305 22. 6-1. 61 

Branchi2s eee ae Dee oe Eh rae ee SRE Sp ag age kee foe I eee rane E 257 29. 61. 92 

dB) (2101 C)] ody SN aati eee aera Op atlas Ree Re erent are MEIN Boa pees. VisTeni deg To oe en aOR Ay ty oe 64 26. 6-43. 72 

BranchiG 22.5 SS pee eee PEE ek ee pe ae re ee RE ET ne eta ee ee eee 176 31. 8-2. 36 

Branch Obese sa eeu belie ee ia ee a SW apy els Na Epa pegie a Le neal ne 14 21. 4+7. 40 
UY [SY 0 ere Cee OR HOEY ae BNR ROMS Coes Abe eau Snenee Ae abe S Sle AD Cee 27. 09-41. 16 
Cl Ss ey eee een STE REN SPOTS Mere EOE, Len een Tia Die Wet gener, WEENIE toe CUE ley eee Se 4.734 .92 
71] fl Map ee Me in BAN BO ky, amr iy AUB cee Skee hE ea a 6. 52 


Og fOL DLOLOMY. Of WICH! GUIS 1S OMe iyo) ara es ne tee ee ae ee | 8. 70+ .71 
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Altenburg (/), working with Primula sinensis, measured the 
gametic proportions separately for individual anthers of a single 
plant. The number of offspring resulting from pollinations with 
single anthers was small, and in consequence only very large differ- 
ences in crossover rate could have been detected.  U sing his “data for 
the crossing over between Z and S* for the plant 4. 2a, percentages 


~ranging from 39.9+3.67 to 54.2+2.92 are disclosed. This range is 


found between two anthers from the same flower and is of magni- 
tude comparable with the large differences found between plants of 
maize. It can not be considered significant, however, in view of the 
errors and the fact that it is the largest difference of a possible 21. 
The data are shown in Table 13. 

The variability of crossing over in the six anther samples is as 
great as that found between individual plants in many maize prog- 
enies but the excess beyond the expected standard deviation (c) is 
not significant. 


TaBLE 13—Gametic proportions in individual anthers of a single plant of 
Primula sinensis 


[From Altenburg (1) Table 2; 4.2ais plant number; 1 and 2 represent flower numbers; 2-1 to 5represent anther 
numbers; samples in entries 2-6 are of anthers from a single flower] 


| 
Gametic proportions Percentage of— 
Entry No. and anther | ; | 
| zs | Ze | 18 | ts | Total | zt | 8 | Crossovers 
} | } 
ARES Giese Ae eee CA Sees 
9) BCR bp ee ere eee as See | 43 23 | 37 | 36 139} 35.2) 525] 426+2.83 
(Cr) He OTs = ae ee ee a 34 44 | 28 | 26{ 132] 40.9] 53.1] 54.242 92 
(SP As tayo ogee ask see (Fie ” 49 52 | 37 | 52 190| 46.9| 547] 46.542 44 
fe) 1 BDO 8 See gees Meee ase meee 21 22 | 12 | 23 7 44.9| 57.7| 42.53.78 
PN gts 2 oO ee a 26 21 | 12 | 22 | 81} 420] 53.1) 39.93.67 
Ys OTIS SE eNO Sa ey a 18 16 | 14 17 | 65} 47.7] 50.8 | 46,144.17 
RRP aL eS ee sere! Cee erie Sete ae tes ek Bie beet pene 45. 9221.45 - 
eg eRE: ee END ah Se ode Ste ss Bee ee Pee 2 areas p |e mad 5. 3541. 04 
Ay 1/5 Sees ene Aaa ae ese Sse ae fear == | 


es po 5. 02 


VARIABILITY OF CROSSING OVER NO GREATER IN OLD THAN IN FRESH POLLEN 


Age-of-pollen experiments, in which samples of pollen were col- 
lected early in the morning and each sample divided into two equal 
lots, one lot being used immediately and the other being held for 
about seven hours, furnish data suitable for determining the rela- 


tive variability of the crossover ratio in fresh and old pollen. 


Successful paired pollinations were obtained from 13 plants. From 
these plants the fresh pollen had a o,, of 3.89+0.45 and the old 
pollen a o., of 3.72+0.50. The difference, 0.33+0.67, though in 
the direction of the crossover ratio, being more variable in old pollen, 
is not statistically significant. 


CROSSING OVER NO MORE VARIABLE IN FIRST THAN IN LAST GAMETES FORMED 


From the available evidence on the relative variability of the 
crossover ratio in young and old plants, it is not possible to detect 
small differences in variability, since only seven plants functioned 
as early and late parents. The difference observed is in the direc- 


7, is a factor for style length and S is a factor for stigma color. 
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tion of the crossover rate being more variable in the early than in > 


the late gametes. The difference is 2.37+1.99, which, of course, is 
not statistically significant. 


CROSSOVER RATIO MORE VARIABLE THAN MENDELIAN RATIOS 


It has been shown that crossing over, as measured by the percent- 
age of individuals in the crossover classes, has a variability not to 
be ascribed to errors of random sampling. 

If this variability results from irregularities in the mechanism 
of crossing over or from a differential death rate of crossover 
gametes or zygotes, the percentage of crossing over should be more 
variable than the Mendelian ratios expressed as percentages. 


TABLE 14.—Comparison of the variability of the crossover rate with that of 
the percentage of the Mendelian character waxy endosperm in female and 
male gametes 


Crossover Waxy 


“| Num- F 
: ber Difference 
aceeny of po O50co—T wz) 
ears Per cent o5 Per cent o 
Female gametes: 
Dh 416L3L1C1L11L22____--- 4} 1,919 24.75 | 3. 43-40. 82 49.4 | 2.870. 68 0. 56-41. 07 
Dh 416L3L1C1L11L11L23---_- 7 3, 400 25.80 | 5. 31+ .96 49.6 | 1.444 .26 3. 87+ .99 
Dh 416L301C1L1L21L23--__- 8 3, 064 31.41 | 7.32+1. 23 51.2 | 2.594 .44 4, 731. 31 
Dh 416L3L1C1L11L31L23--_- a 2, 933 31.00 | 4. 86+ .88 48.5 | 1.664 .20 3.204 .93 
Dh 4GusintC3l2 es 5 2, 331 27.16 | 6. 41-41. 37 50.1 | 1.29 .28 5. 12-+41. 40 
Dh 416L3L1C3L11L22_-_-_-- 5 3, 296 28. 26 | 4. 30+ .92 50. 0 - 97 . 21 3. 338+ .94 
DHAGESnIC a2 es 5 4, 068 32.57 | 7. 88-1. 68 48.7 | 1.88: .40 6. 00-41. 73 
Dh 416L3L1C5L4L23_-_____- 7 3, 523 39.40 | 3.294 .59 49.8 | 4.524 .8 —1. 23+1.01 
Dh 416L3L1C05L4L1124--_- 17 7, 336 35. 50 | 3.04+ .35 49.2 | 2.1] .24 - 93 . 43 
Dh 416L3L1C5L3L1R23_-_- 49 | 24, 627 20.47 | 6.49-+ . 44 50.3 | 2.34 .16 4.154 .47 
Dh 416L3L1C5L3L2R23_-__- il 5, 284 22.16 | 6.82 .98 49.4 | 1.664 .24 5. 16-1. 01 
IDI ZOVALN LPAI DPA 13 4,995 20. 62 | 5.954 .79 49.9 | 2.80+ .37 3. 15 .87 
DRA 2 22322222 13 4, 122 25.10 | 4.81 .64 61.3 | 3. 51=E .46 1.30+ .79 
Meanie Sos ssc Seek se hese| ee oe See ear ES eccs ease cereal sacs es See eee 2.60+ .34 
Male gametes: 
Dh 416L3L1C1L11L22______- 4 1, 885 20. 53 | 2. 53-0. 60 51.1 | 2.35=£0. 56 0. 18-40. 82 
Dh 416L3L1C1L11L1123---_- 7 2, 104 24. 50 | 7. 571. 36 49.8 | 1.704 .31 5. 8741. 39 
Dh 416L3L1C1L1L2123--_-_ 8 2, 722 32. 36 | 6. 52-41. 03 49.6 | 2.984 .49 3. 59-1. 14 
Dh 416L3L1C1L1L31L23___- di 1, 387 30. 50 | 6. 3741. 15 49.0 |} 2.504 .45 3. 871. 23 
DH AGU s C821 5 4, 100 23.20 | 5. 13-41. 09 56.0 | 4.38 .92 - 801. 43 
Dh 416L3L1C3L1122_______ 5 2, 266 22.11 | 5. 3841.14 | MTS || eis SoVv/ 3. 68-E1. 20 
DhHAIGEs LAC sb 21 essere 5 7, 352 29.65 | 9. 812.10 48.5 | 1.494 .32 8. 32-42. 12 
Dh 416L3L1C5L4123-____-_- 7 3, 661 35. 80 | 2.324 .42 47.7 | 2. 704 .49 —. 38+ .64 
Dh 416L3L1C5L4L1L24____| 17] 6,300 37.60 | 3.02 .35 46.7 | 3.444 .40] —.424+ .53 
Dh 416L3L1C5L3L1R23___- 49 | 27, 517 18.07 | 5. 22+ .36 48.1 | 3.174 .22 2.05 . 42 
Dh 416L3L1C5L3L2R23____ 11 3, 683 27.42 | 4.464 .64 46.3 | 3.62 .52 844 . 82 
IDSA NPA DAN DyALe ee ee 13 | 4,693 16.71 | 3.634 .48 50.2 | 2.88 .38 75+ .61 
DR AVA 2 E2232 8. 13 3, (O70 29.30 | 5.10 .95 49.3 | 3.074 .41 2. 03-1. 03 
11 SFe 1 ep a) (OR pear nee Sa] Pe ak Boe eee ees | ee ee es es J. 28+ .31 
@ombined sexes < 235. tes 5] 02 eee en ee | Sok ele | 2 Sar eta Be 1.98 .24 


There may be some question as to the propriety of comparing the 
standard deviations of crossover percentages with those of the per- 
centages of the Mendelian characters, since the deviations of the 
latter are strictly limited. Thus, if the percentages of the Mendelian 
characters depart widely from the expected, a gametic composition 
that will explain the observed ratios is hypothecated. This is espe- 
cially true in dealing with aleurone color where six factors are 
recognized. No such procedure is possible in the present stage of 
our knowledge of linkage relations, and if the crossover percentages 
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are more variable than the percentages of the Mendelian characters 
it may mean that crossing over is more sensitive to environmental 
conditions than simple segregation, or that unrecognized genetic 
factors affecting the crossover rate are present. 

At the present time no genetic factors modifying the waxy-non- 
waxy ratio have been identified, and in this respect the waxy char- 
acter is comparable to the crossover rate between C and Wa.2 By 
limiting the comparison of variability to the waxy character, the 
objection based on the reduction in variability due to assumed gametic 
compositions for widely aberrant ratios is partially overcome. Com- 
parisons of this nature are shown in Table 14 where the o,, of the 
percentage of crossovers is compared with the standard deviation 
of the percentage of waxy for male and female gametes separately. 
All comparisons are limited to reciprocal back-crossed ears where 
the expected percentage of waxy is 50. Although many of the dif- 
ferences shown in this table are not significant, and three instances 
occur where the standard deviation of the waxy percentages is 
greater than the corresponding o,, of the percentage of crossing over, 
taken as a whole there is in each sex a significantly greater varia- 
bility in the crossover percentage than in the percentage of waxy 
seeds. Combining the two sexes, the mean difference becomes 
1.93+0.24, clearly a significant difference. 

In general, then, it may be stated that the crossing over of the 
factors C and Wz is more variable than the simple segregation of 
these characters, but whether this greater variability is due to genetic 
or environmental factors or both can not be determined from the 
data thus far submitted. 


VARIABILITY IN THE CROSSOVER CLASS NOT THE RESULT OF DIFFERENTIAL 
DEATH RATE OF ZYGOTES 


In hybrids involving two linked characters it is possible to produce 
F’, progenies with all four classes in equal numbers. This condition 
results when one parent is homozygous recessive for one of the char- 
acters and heterozygous for the other while the second parent has 
the reciprocal of this factorial composition. When one of the char- 
acters is a dihybrid, hybrids heterozygous for the nonlinked gene 
of the dihybrid character and homozygous for the linked gene also 
will produce the four classes with no opportunity for linkage to be 
expressed. If the increased variability in the apparent rate of 
crossing over is due to a differential death rate of zygotic classes, we 
should find in progenies combined in either of the above ways a 
variability in the percentage of crossover classes comparable with 
that of progenies showing linkage. 

In Table 15 there has been brought together from published data 
a summary of progenies segregating into all four classes with no op- 
portunity for linkage and progenies of similar parentage combined in 
a way to exhibit linkage. To these have been added four groups of 
ears descended from a self-pollinated plant that was heterozygous 
for both C and Wa. Two of the groups are reciprocals measuring 


8 Brink (4) has presented evidence to show that the ratio of waxy to nonwaxy is modi- 
fied when the Sw factor for sweet endosperm is homozygous recessive and states also that 
the I aleurone factor influences this ratio. Neither of these factors was involved in the 
present study, and though other factors present in our experiments may be found to affect 
ee BEOpen tien. of the waxy seeds, they are still unrecognized and their action appears to 

e uniform. 
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linkage in the two sexes. The other two represent the reciprocal 
combinations that produce all four combinations without linkage. 


TABLE 15.—Comparison of the variability of the percentage of crossing over 
with that of the Mendelian characters 


| [ 


Page White Waxy Crossovers 
cita- |Num-|Num- 


Entry number | tion, | ber | ber 


and progeny |Kemp-| of of Standara Standard Standard 
ton | ears |seeds| Per cent| devia- Per cent} devia- Percent} devia- 
(11) tions (o) tions (a) tions (o) 


Back-erossed ears: 
(1) Cc wr wz on 
ccWrwz-_-j 85, 87 21) 9, 961150. 8=£0. 37{ 2. 51-E0. 26/49. 42-0. 36} 2. 45=-0. 26/50. 5-L0. 27] 1. 81-40. 19 


CCWLWE_-| 85,87 19) 9, 065/50. 8 . 39) 2. 40-: . 26/49. 7 . 44) 2. 70+ . 30/96. 6 . 78/14. 85+ . 53 
(3) Homozygous 
for C, het- 
erozygous 
fOr ahee= =e? as 76 26)10, 011/48. 7=E . 51) 3. 84+ . 40/50. 2 . 47) 3. 56 . 37/51. 5+ . 47) 3. 58 .37 
Selfed ears: 
(4) ee as 70 37/20, 483/26. 8: . 20/11. 84 . 14/24. 2 . 25/12. 304 . 18150. 1 . 62) 3.81 .30 


Back-crossed ears, 
Lanham, 1924 
. (Dh 416L31L1- 
C5L4L1124): 
(5) Colored 
horny @ X 
a n ite 
Vu Gee |S e ee 52/15, 760/48. 6=E . 28) 3. O8=E . 22/49. 9-+ . 33) 3. 53-4 . 23'36. 0-4 . 40/14. 40+ . 29 
(6) White waxy 
@X color- 
ed horny 
Cen i ae Eee as 30/10, 716/48. 3 . 33) 2. 68+: . 23/46. 3: . 38) 3. O8-E . 27/37. 83-E . 38/13. 15+ . 27 
(7) White horny 
2X color- 
ed waxy o’-|__----- 219) 6, 657/48. Q4- . 40) 2.46= . 27/50. O-E .. 39} 2.414 . 26/50. 7-41. 10] 3.14 . 34 
(8) Colored 
waxy 2X 


HORNY Oeesate ane 3 23) 8, 124/49. 5 . 46) 3.254 . 32/45. 3+ .30] 2.144 . 21/49.44 .36] 2.58 . 26 


Standard deviations (¢) corrected to 50 per cent. 
ce Wrwi, fo Cc wr wz. 


1 
259 
30 Ccewrws, occ Wrwur. 


There are two instances in Table 15 where the relation of linkage 
to the variability of the crossover classes may be tested by comparing 


the standard deviation of two closely related progenies in one of 


which there is no linkage. 

In lines 1 and 2 the standard deviation of the percentage of 
crossover classes in 21 ears with no linkage is to be compared with the 
standard deviation of the percentage of crossing over in 19 ears of 
the same parentage showing linkage. The variability of the linked 
group is greater by 4.85+0.53 per cent, a difference that is more 
than five times the probable error. ‘The standard deviation of the 
percentage of crossing over in the ears with linkage also exceeds 
the standard deviation of the percentage of waxy by 3.5 times the 
probable error. 

In lines 5 and 6 combined, where there was linkage, the standard 
deviation of the percentage of crossing over is 3.99+0.21. Thisis to be 
compared with the percentage of crossover classes in lines 7 and 8 
where there is no linkage, 2.85+0.21. The difference of 1. 14-403 
is 3.8 times the probable error. It would appear that linkage 
increases the variability of the crossover classes. 
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Evidence has been presented in preceding paragraphs showing 
the ratio of crossovers to be more variable than the Mendelian ratios. 
Five of the groups of ears presented in Table 15 afford an opportunity 
to make a similar comparison when there is no linkage. If the 
greater variability of the percentage of crossing over is due to 
linkage, this increased variability should disappear when there is 
no linkage. The comparisons are presented in Table 16. 


TABLE 16.—Comparison of the standard deviations (g) of the percentage of 
waxy seeds with those of the crossover classes where no linkage is operative 


Standard deviations (per cent) 


Entry No. in Table 15— DIE 
Per cent Per cent Crossovers— 
waxy seeds crossovers waxy 
eS ES Nac Se 2 a a ec cant a ae 2. 45-0. 26 1.81+0.19 | —0. 64-0. 32 2.0 
a a RC an SS ey So rN ie eS hae SE eee 3. 56 . 37 3. 58-- .37 . 02+ .52 .4 
Ce ee eee ate eee ne 2.30 .18 3. 81 .30 1. 51+ .35 4,3 
“oY eo 16 se lee ae See ee os Slip tha ee a eS a 2.41 .26 3.144 .34 3+ . 28 2.6 
Ooh i. i Re os he ok de ELE Cee ar AR eae a ren 2.144 .21 2. 58+ . 26 444+ .33 Usk 


Entry No. 4 is outstanding and indicates the existence of factors 
operating on certain zygotic combinations. It should be noted that 
this entry covers a group of self-pollinated ears, homozygous domi- 
nant for the linked factor C and heterozygous for the # aleurone 
factor. None of the other differences are significant, and the array 
of differences weighted by the reciprocal of the probable error 
squared is 0.47+0.27. 

It may be concluded that the differential death rate of zygotic 
combinations is not an important factor in the variability of the 
crossover classes. 


VARIABILITY OF RATE OF CROSSING OVER ALIKE IN PLANTS HETEROZYGOUS 
AND HOMOZYGOUS DOMINANT FOR R 


Four progenies are available in which half of the plants were 
heterozygous for the # aleurone factor, the other half being homo- 
zygous dominant for this factor. The factorial relations of these 
progenies are considered in detail on page 31 in connection with the 
rate of crossing over. These progenies provide an opportunity to 
determine whether the crossover rate is more variable when the R 
factor is heterozygous than when it is homozygous dominant. Hight 
comparisons are possible, involving measurements of male and fe- 
male gametes separately and combined, the latter being selfed ears. 
The data are shown in Table 17. 

The comparisons are made with o,,, since the mean rate of crossing 
over was not alike in the two factorial groups. Table 17 shows that 
in no single comparison is there a significantly greater variability 
for one factorial composition as compared with the other. Com- 
bining the differences between the o,, for the eight groupings shows 
that the plants heterozygous for F# are on the average 0.538+0.24 per 
cent more variable than those homozygous dominant for this 
character. 

The actual difference in variability is somewhat greater than the 
calculations show, since among the back-crossed ears listed as R R 
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there must be a few which in reality were heterozygous for R in 
one parent. Since plants heterozygous for & have a somewhat lower 
rate of crossing over than those homozygous dominant for this 
factor, the standard deviations for the & & group are too high. No 
adequate estimate of the number of such ears can be made, but it is 
doubtful whether enough such cases exist to destroy a significant 
difference. It may be concluded, therefore, that the R factor in 
heterozygous conditions is not associated with a greater variability 
in rate of crossing over between C’ and Ww. 


TABLE 17.—Comparison of the variability of crossover rate between C and Wa 
in plants homozygous and heterozygous for the R aleurone factor 


Variability (50) ef crossover 
rate (per cent) 


Hetero Ss i 
Progeny eels a ae ae 5) DIE 
Ji J& Rr 

Dh sinl ChlslnlR 23a see eee Female __-_- 6. 4140. 48 5. 94-0. 56 0. 47-+-0. 73 0. 64 
IMigle 2 ee 5.444 .33 6.074 .39 | — .684+ .51 1.23 

Female and 
malese ss 6. 50-E1. 03 5. 50+ .79 1. 00-41. 30 airs 
Dh4IGMsbICSLswAR Zee. see eee Female______ 6. 90-41. 10 7.344 .94 |] — .4441.44 Be! 
Male- Seas 5. 61-41. 20 7. 851. 32 | —2. 24+1, 78 1. 26 

Female and 
malet=ss.2 5. 31-+1. 03 8. 331.78 | —3. 03+2.05 AG 
IPhe2s0ilwandae ZR 24 ee Female _____ 5. 77+ .61 7.5384 .67 | —1. 764 .91 1. 93 
Male________ 9.05+ .94 9.19+1.13 | — .1441. 47 -10 
TY CGS hers gee fac cr hae Pave Oo Sa oI (a a ee ae IE Se oc 7 — .5384 .24 2.19 


RATE OF CROSSING OVER BETWEEN THE C-Wx GENES 


With the linked genes C-Wa, crossover rates ranging from 8 to 
50 per cent have been found in sibs of inbred progenies. In these 
cases the number of seeds precluded the possibility of their being 
chance departures from a common mean. ‘The situation with respect 
to a moderately variable progeny is presented graphically in 
Figure 1. 

Before a definite arrangement of the many characters of the mature 


plant could be attempted it seemed necessary to gain an insight into. 


the factors that were causing the great differences between progenies 
and individuals, in the closeness of the linkage of the aleurone gene 
C and the endosperm gene Wa. It was first thought that the differ- 
ences were due to heritable mutations in the rate of crossing over, 
and as a first step in the demonstration of the correctness of this 
hypothesis progenies were grown from ears of widely different de- 
grees of linkage. The results were disappointing, in that the hy- 
pothesis was both supported and contradicted by the evidence. 

At the present time (now seven generations from the first hybrid 
generation) there is conclusive evidence that a strain has been iso- 
lated which will give with some consistency 35 to 39 per cent of 
crossing over between C and Wa, while another strain for which the 
evidence is not so conclusive will give from 17 to 22 per cent of 
crossing over between these factors. 
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Many more progenies having crossover percentages at all points 
between these two centers have been obtained, but nothing can be 
stated as to the stability of these intermediate positions. 

Although the best evidence now available indicates that heritable 
differences are involved in the variable percentages of crossing over, 
this conclusion has not been reached without many discordant facts 
and clear evidence that factors other than heritable ones also affect 
the rate of crossing over. In an effort to establish high and low rates 
of crossing over by growing representatives of the extremes, it was 
found that inheritance of the parental condition is the exception 
rather than the rule and that most of our progenies show complete 
regression to the mean of the parental progeny. Occasionally also 
the offspring of extreme parents show crossover percentages at the 
opposite end of the scale, in consequence of which it has been con- 
cluded that environmental factors sometimes obscure the true genetic 
condition. 


14-15 16 17 18.19 20 21 22 23 24-25 26 27 28 29 20H) 32 33 34-35 Fé 37 383940 4 42 4I4I2 G5 HE4AT 
PERCEHTAGE OF CROSSING OVER 


Fig. 1.—The percentage of crossing over in the male gametes of individual plants of 
Dh 416L3L1C1L2L283 plotted with a range of + three times the probable error. 
The short vertical lines indicate the percentage of crossing over 


The behavior of the crossover ratio of four closely related 
progenies over a period of several generations is shown graphically 
in Figures 2, 3, and 4. 

Both selfed and back-crossed ears are included. The selfed ears 
are located at the observed rate. The observed rate in back-crossed 
ears was corrected for difference in sex by taking the geometric mean 
ot the observed rate and the mean rate of the opposite sex for the 
progeny. | 

The figures in the body of the diagram show the number of ears 
having the percentage of crossing over indicated by the position of 
the figure in each instance. 

All progenies are the result either of selfing or of back crosses with 
sibs. 


CROSSING OVER GREATER IN SOME PROGENIES THAN IN OTHERS 


Attempts have been made to arrive at a single expression for the 
distance separating two linked genes on the chromosome. In the 
light of the data accumulated for the C—-W«zx genes such efforts 


19987 °—27—_4. 
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would appear to be futile. With only 14 progenies, all closely 
related, the rate of crossing over ranges from 17 to 38. Individual 
plants with significantly lower and higher rates have appeared, and 
there seems little reason to doubt that progenies having still lower 
or higher rates could be obtained. With Mendelian ratios the inter- 
action of a definite number of genes makes possible an expected 
ratio from which departures may be calculated, but with the cross- 
over ratio there is no fixed point of departure. The best that 
can be expected is to determine the rate under constant environ- 
mental conditions and a particular genetic complex. Once deter- 
mined, there is no reason—in maize at least—for assuming the par- 
ticular complex of genetic and environmental factors to be typical. 
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Fig. 2.—Inheritance of percentage of crossing over, showing isolation in the fifth 
generation of two strains having widely different mean crossover rates 


IO 


Stadler (/6), working with three families, has shown that the 
mean rate of crossing over between C and Wz is not alike in the 
three strains. From a comparison of the differences between ears 
borne on the same plant, he concludes that variations in degree of 
linkage are due at least in part to environmental factors. 

In stability, the rate of crossing over does not approach that of 
the proportions of the Mendelian characters, and there would seem 
to be no justification for assuming a definite fixed rate of crossing 
over between pairs of linked genes. | 

The situation with respect to the C-Wz linkage is shown graphi- 
cally for 16 progenies in Figure 5 and the biometrical constants are 
given in Table 5 (p. 12). 
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PROPORTION OF CROSSOVER TO NONCROSSOVER GAMETES NOT AFFECTED BY 
VITALITY OF POLLEN 


Early experiments indicated that crossing over in the male 
gametes was more variable than in the female. Since the male 
flowers are more exposed than the female, the male gametes are 
subjected to greater vicissitudes. The seasonal and climatic factors, 
therefore, might be expected to influence the rate of crossing over or 
to act as a selecting agency on the gametes after they were formed. 

Preliminary analysis of linkage data amassed for other purposes 
showed a rather high positive correlation between the number of 
seeds on an ear and the percentage of crossing over, when the pollina- 
tions were so made that the seed-bearing parent was homozygous 
recessive for the characters in question. This correlation seemed best 
explained as resulting from a death rate of the crossover classes 


GENERAI7T/ ONE 
So 


Wig. 3.—Inheritance of percentage of crossing over, showing the ancestry 
of a strain having an extremely variable rate of crossing over, the 
variability increasing with the progress of generations 


in the male gametes. Subsequent material of a more homogeneous 
nature has failed te substantiate the magnitude of the correlation be- 
tween fertility and crossing over, but before these additional data 
were available it seemed desirable to test directly the effect of un- 
favorable conditions on the percentage of crossing over in the male 
gametes. 

The simplest plan and one in harmony with natural conditions 
seemed to be to apply fresh heterozygous pollen to the double-reces- 
sive parent, store the remainder, and apply it at different periods 
throughout the day. Accordingly two heterozygous plants were 
selected, and on several days samples of pollen collected from them 
in the morning were applied at various times. For a variety of 
reasons these preliminary investigations were not conclusive, but 
demonstrated a decreasing viability of pollen with the increase in 
time of storage, showing that the opportunity for selective action 


28 BULLETIN 1468, U. S. DEPARTMENT OF AGRICULTURE 


was present. It was found that the viability of pollen collected at 9 
in the morning was reduced about 50 per cent by being stored for 
7 hours. 

The following season a more extensive program was undertaken 
involving 40 heterozygous plants, but the short-interval pollinations 
were eliminated, the whole effort being placed on a 7-hour period of 
storage. 

In practice it was found convenient to collect the pollen, make 
one application of half the total quantity (anther free), and then 
attach the bag containing the remainder to the plant which had 
been selected for pollination 7 hours later. 

Several methods of measuring the quantity of pollen used were 
tried, but as none were satisfactory this refinement was discarded and 
an attempt made to divide the anther-free pollen into two visibly 
equal lots. From the numerous double applications only 13 pairs 
of ears were obtained, many 
failing on one side or the 
other. The pertinent facts 
with respect to these ears 
are shown in Table 18. 

The immediate interest 
was in the percentage of 
crossing over, and, as the 
table shows, there is little 
difference in the percentage 
of crossing over between 
fresh and old pollen, though 
the average storage period 
is 7 hours and 14 minutes 
and the indicated death rate 
is 35 per cent. 

Although the survival of 
ae 5 ; > crowing crossover gametes does not 
Fic, 4—Inheritance of percentage of eressing seem to be affected by the 

regressing toward the mean of the parental factors which brought about 

re the loss of viability, there is 
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striking evidence that the percentage of pollen grains bearing the 


waxy character has been greatly increased. 

The data leave no room to doubt that a profound alteration in the 
proportion of waxy to horny pollen grains has taken place. Sim- 
ilarly, though not to the same degree, the proportion of white-carry- 
ing to color-carrying gametes has been altered by the storage of pol- 
len. Analysis of the data, however, shows that the increased pro- 
portion of white to colored is simply a dependent result of the in- 
crease in the percentage of viable waxy pollen due to the correlation 
between waxy and white. 

Although in pollen stored for seven hours the increase in the per- 
centage of waxy seeds over the expected equality is most striking, 
the fact must not be overlooked that the proportion of waxy seeds 
resulting from the application of fresh pollen is below equality by 
a percentage too large to be attributed to chance. The point is im- 
portant, as it indicates that a simple differential death rate for the 
two sorts of pollen will not account for the observed results. From 
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the evidence it would seem logical to conclude that a differential 
maturity is involved, with the waxy pollen reaching maturity at a 
later period than the horny. 


TABLE 18.—Differences in percentages of white, wary, and crossovers, in fresh 
and old pollen of back-crossed ears (2 ce we wx X § Ce We we) 


[The minus sign preceding a difference indicates cases where the old pollen was deficient] 


Age of Number Percentage of— 
etolerozyeous pollen Pollen application of 
plan O. “Hr. (Min, seeds White Waxy Crossovers 

MTresheeres. ears 824 46. 11.17 45. 541.17 33. 3-41. 11 
BORRU ER, Tae ee ooh kee TEN Olde = sea ane es 148 64. 2+-2. 65 76. 42. 35 34. 0-42. 62 
IDifierence =a =as| ee 18. 12. 88 30. 9-+-2. 61 . 72. 84 
Er eShy aye ee eh 577 50. 4-41. 40 44. 0-+1. 92 38. 8-1. 37 
SOS ee PM aml (0 Jd (0 RE ite ee 289 | 57.8+1.95 | 80.341. 58 33. 541. 87 
Pifference Messe 2 as | eee ee 7.442. 41 36. 3-42. 49 —5. 3-+2. 32 
POST es see eat 496 47. 8-1. 51 48. 0-41. 51 37. 0-1. 46 
Bunter Uke 7 40 (1G Els gol Bs wa A ioe 233 | 54. 542. 20 63. 9-2. 12 41. 3+2.17 
Witlerence=s2 22-2 |b sae ee 6. 72. 67 15. 9:2. 62 4.3+2. 62 
1 Age's) 6 ee ee 295 | 42. 7-41. 94 44, 1-41. $4 39. 9-1. 92 
FERRE ane 7 15 Olde 69 52. 2-4. 05 56. 5=E4..03 39. 2-3. 98 
WDiflerenCe=t a8 wa ees 9. 5-4. 63 12, 4+-4. 46 —.7+4. 41 
esha aS 359 | 47,741.78 | 45.11.77 41, 141.75 
SOLE Sees esa ed 7 10 Olde Biri s es Ea 257 52. 9-2. 10 60. 72. 05 34. G-L1. 99 
Witlerence es asa ee ee 5. 242.75 15. 64:2. 72 —7.1+2. 65 
IE CES heer Se 2 160 47, 542. 66 43. 82. 64 47. 742. 67 
A009 se Sei ete he | ae OlGise Rares es ore S| 133 57. 9-2. 88 82. 042. 25 46. 542.92 
ifleren COm =e See 10. 4-4. 00 38. 23. 47 —1. 24:3. 95 
reshes 2a ssc 355 50. 7-1. 79 48. 7-3. 18 43. 71. 78 
FIN eee ae eee giletan Old ee ee 371 | 55.51.74 | 61.541.70|  40.6-41.72 
; Dillerencetsss os. |e eee 8 4, 8+2. 49 12. 82.17 —3. 1-42. 47 
INresheen aes 628 44. 7-41. 34 43. 0-1. 33 35. 6E1. 29 
Soggtt Gert iss: 8 20 OT ier eee 674 49, 4+1. 30 53. 9-1. 29 33. O=E1. 23 
‘Diflerencerw =~ Sas): aes ees 4. 7+1. 87 10. 9-41. 85 —2. 61.78 
Wreshiete 2 seee nea 181 53. O-E2. 50 55. 2-2. 48 36. 5=:2. 41 
ayyy ian tetekn tsa 5 of CL ae 128 53. 1-42. 98 52. 3-42. 98 38. 3-42. 91 
Ul tDitfercncek: "fesse sanek .1+3.77 | —2. 943.86 1. 8+3. 77 
Fresh____- Le 2 Sa 283 48. 1-2. 00 46. 342. 00 33. 51. 88 
AUS eh eh Weleda a) (0) Vs be, SNe eee 313 57. 81. 88 76. 02-1. 63 39. 9-1. 87 
Difierenceses {eel eae Se 9. 72. 75 29. 72. 58 6. 42. 65 
HWresheasent 8 2 408 50. O-E1. 67 44, 9-++1. 66 34. 9-1. 59 
AGIQe ee ee 8 20 Olden eA eee 77 67. 53. 60 62. 3-3. 70 33. 03. 63 
Wifierences ss a) siete sd 17. 5-43. 97 17. 4+4. 07 —1.9+3. 95 
Fresh_ Ee aS ee 1 974 48, 2+1.08 46. 9-1. 08 ae Teh aS 

AE aes 7 30 Olds Ss eerie 635 50. 1-41. 34 51. 6E1. 34 37. 21. 
Bierence: ee ee 1. 9-41. 72 4, 71.72 —. 941. 66 
SSS es SSS SS SSS 
resis oes bates Toe 310 52. 9-41. 91 47, 4+1. oe = rae mf 
3992 Saree eat e 5 25 Old See ee See a 26 GS} 8+6. 66 38. 5-6. Reiss’ 
Difference sis eee | eee seo . 96. 94 —8. 9-6. 72 —2. 4+6. 60 
(hace Soo go ot EN RE Hreshse2 tact e202 5, 850 |--------------|--------------|-------------- 
yi {old Be OSES BBha eae ea le ae 2 oe 2 
Wreshis =) ss see ass 400 48.1 + .48 45. 98+ .44 37. 55-4. 61 
idan ae ters edel Sa Old. eta ae 2 258 | 53.98 .83 | 62.032. 00 36. 91=b. 67 
Difference. 22. a eee 6. 50+. 676 16. 732. 2 —1. 1846. 59 


SS 


1 Average of three fresh (a. m.) pollinations. 
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Although this assumption would account for the long-observed 
deficiency of waxy seeds in heterozygous material provided the pol- 
linations were made early, the actual facts with respect to our mate- 
rial are quite otherwise. For years it has been customary to make 
all pollinations in the afternoon, in the belief that most pollen was 
shed in the early morning and was well out of the air at the time 
pollinations were made. It is difficult to reconcile the results of 
our regular practice with the facts disclosed by this age-of-pollen 
experiment, and further investigation is essential to gain enlighten- 
ment on these matters. : 

From the standpoint of methods of measuring crossing over, it 
is of interest to observe that with such widely aberrant Mendelian 
ratios as are obtained with cld pollen Yule’s coefficient of association 
(@) provides a satisfactory index of the gametic proportions. 

Brink (4) has found that in material involving the I aleurone 
factor the ratio of waxy to nonwaxy seeds is modified in some man- 
ner by thisfactor. His 
conclusions as to the 
effect of this factor are 
based on the following 
procedure: 

The four classes of seeds 
from an ear segregating 
for white and waxy and 
known to have resulted 
from the combination 
IWex iwe X iwe iwe were 
planted separately and 
crosses made between the 


70 20 IO LO combinations I i Wa wae 
PERCENTAGE OF CROSSING OVER X it we we and li we 


f WE X44 Wer we. 
ee pee ecentage of crossovers in somal saees of 
closely related progenies arranged in an ascending 
series of mean crossover percentages and plotted with It was found that 
a range of + ee ees the probes oer of the crosses of the former 
progeny means. e mean is indicate or eac 
progeny by a short vertical line sort gave an EXCESS of 
waxy seeds which in 


some instances reached 63 per cent waxy, and the latter combination 


PROGEMIES 


gave a deficiency. Brink noted further that the increased number of — 


waxy seeds was largely confined to the 77 wa wx zygotes. 

Since J and W a were linked, an excess of waxy zygotes would be 
made up largely of the class 2 2 wa wa, and in the absence of the 
detailed figures it is possible that Brink’s excess of this combina- 
tion is due to the linkage of these genes. With this interpretation, 
his results agree with ours where an excess of waxy seeds, brought 
about through devitalized pollen, was accompanied by an increase 
in the percentage of white seeds. If this were not the case, the 
linkage relations of 7 and Wa would be modified profoundly in 
those cases where an excess of waxy seeds occurred. ! 

With our material involving the ( factor (a gene closely linked 
with /) there is no evidence that the nature of this factor has any 


effect on the ratio of waxy to nonwaxy seeds. Thus the ears shown | 


in Table 18 are made up of the combination ¢ ¢ wx wa X Cc Wa wa, 
a combination that corresponds to Brink’s case where an excess of 
waxy seeds was found. Our results show that when fresh pollen 
is used there is a significant deficiency of waxy seeds, though if the 


f 


» 


* 
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pollen is stored for several hours an excess of waxy seeds results. 
The second combination C ¢ wx wa X ¢¢ Wx wa, which corresponds 
to Brink’s case where a deficiency of waxy seeds was found, is shown 
in Table 19. Obviously there is no difference between the percentage 
of waxy seeds obtained with this combination and that obtained 
when the noncrossover combination was used, the percentage found 
in the former case (Table 18) being 45.98+0.44 and in the latter 
(Table 19) 45.96+0.27. 

Further evidence on this point is found in summarized form in 
Table 15, an inspection of which shows that the percentage of waxy 
seeds is not affected by the nature of the aleurone factors C and R 
when the percentages of waxy in entries 3 and 4 are compared with 
those in entries 1 and 2, nor by the nature of the cross, that is, 
whether between crossover or noncrossover classes when the per- 
centage of waxy in entry 5 is compared with entry 7 and entry 6 
compared with entry 8. 


TABLE 19.—Reciprocal crosses of colored waxy (C 6 we wx) X white horny 
(cc War wa) 


White horny, female Colored waxy, female 
Reciprocal cross é 
Number | Percentage | Percentage | Number} Percentage | Percentage 
of seeds of white of waxy of seeds of white of waxy 
cape 

BOSD NO LO e aerae ariere: wea LD 290 46. 61. 98 53. 1-E1. 98 189 47, 1:2. 45 47, 1:2. 45 
BOSD RO LC Ee : 180 53. 9=E2. 50 41.742. 47 198 iG ts=745 ay) 48. 52. 39 
Steele AV ii teats ne Stone ee eens 515 49, 1+]. 48 48. 0-E1. 48 538 44. 8-11. 45 45. 0=E1. 45 
SOUL MOO te ee ae es 150 51. 3-2. 75 44, 0-2. 72 72 54, 2-3. 96 43. 14. 27 
S895 S78 [aoe ee 61 41. 074. 24 57. 4-4. 26 589 51. 3-E1. 39 45. 8--1. 38 
BSORD<3 703 aes ee ee eee 97 46. 443. 41 48, 4-3. 42 26 53. 8-6. 58 38. 5-46. 42 
SOIGOSNS 189] = ae Pee ee eee 414 47. 6=E1. 65 52165 510 45. 1-E1. 49 47. 61. 49 
SOOT XKSSO2 tee. Fes 592 45. 3-E1. 38 49. 5-E1. 38 445 46. 5-E1. 5 46. 11. 59 
39072 X8801e. = aos 2 eee 224 50. 0=E2. 25 54. 0-E2. 24 450 | 52. 2-41. 58 43. 141. 57 
BIOO XSS04s ee ae 447 45. 9--1. 59 48. 5-1. 59 628 47, 1-1. 34 45. 51. 384 
SOLO XKGSOS Se eee 505 51. 5=E1. 50 51. 7=E1. 50 416 49, 81. 65 46. 9-41. 64 
OSLO 2 OSS ane see 585 48, 4+-1. 39 50. 141. 39 360 50. 3-E1. 77 46.41. 77 
BOTS S ROG tee ee Sere 438 47. 3+1. 60 48. 4-++1. 60 550 49. 4+]. 44 45. 6-E1. 43 
Si pry cate (Bie kis eye ee eee 419 50. 8=£1. 64 50. 4-E1. 64 256 45. 72. 08 48. 442.10 

Mean aseiceae Nh Week oe 48. 34+ .44 4987 ba=- 48 eee 2 es 48. 67 .56 45. 96 . 27 


CROSSING OVER REDUCED BY THE R ALEURONE FACTOR IN A HETEROZYGOUS 
: CONDITION 


In 1921 aberrant color ratios appeared in a progeny of the cross 
Dh 416. This progeny was one of many that had been grown since 
the original cross was made in 1914, all being heterozygous for the 
C aleurone factor. The following season it was determined that the 
irregularities were due to another factor for aleurone color comple- 
mentary to C and located in another chromosome. It now has been 
demonstrated that this is the factor R, which must have mutated 
from the dominant to the recessive condition. The bearing of this 
on the present study is that in two of the progenies used in studying 
the linkage relations of C and Ww there were plants heterozygous 
for R, giving back-crossed ears with 62.5 per cent white and selfed 
ears with 48.75 per cent white. The event has proved fortunate, 
since it has resulted in a demonstration that the presence of # in a 
heterozygous condition is associated with a lower crossing Over 
between C and Wa, 
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Hutchison (9) found that crossing over in C-Sh-W~a stock was 
approximately 80 per cent of that in an /—-Sh-Wza stock and sug- 
gested that a crossover modifier might be responsible. The lower 
rate of crossing over applied equally to both regions of the chromo- 
some. The factors / and (@ are very closely linked, and the ap- 
parent distance between J and Wa was foynd to be 26.18 units and 
that between C and Wa was but 21.88 units. The difference be- 
tween the two stocks is no greater than that found between many 
of our progenies where the / factor is not involved and may repre- 
sent merely progeny difference rather than the effect of a crossover 
mod her but the point is of interest in view of the effect of the R 
actor. : 

From the two progenies which contained plants that were heterozy- - 
gous for RA, crossing over was measured in 140 individuals. These ~ 
fall into six groups, the reciprocal back crosses and the selfed ears - 
from each of the two progenies. In Table 20 the rate of crossing 
over in the individuals that are homozygous for R in each of these — 
six groups 1s compared with the rate in those heterozygous for RA. 


TABLE 20.— Comparison of the percentage of crossing over in plants homozygous 
for the R aleurone factor with those heterozygous for this factor 


Homozygous for R Heterozygous for R Crossover difference 


Nature of cross Num-| Num- | Percentage |Num-| Num- | Percentage 


ber of| ber of of ber of| ber of of RR—-Rr | DIE 
ears | seeds | crossovers | ears | seeds | crossovers 


——————S$}§|,-W ——$ ———<— | qu — |_|, | __ 


~ Dh 416L3L1C5L3L1R23 
Back crosses: 
Female heterozygous___| 41 | 19, 759 | 20.770. 54 26 | 14, 258 | 20. 19=-0. 61 0. 58-L0. 82 0.7 
Male heterozygous____- 60 | 27,725 | 19.14+- . 37 56 | 24,202 | 16.97+ .41 2.17+ .55 3.9 
9 4,455 | 21. 48--1. 10 11 3,156 | 19.12+ .82 2. 36-41. 37 Ty 
Dh 416L3L1C5L3L2R23 : 


Back crosses: 


Female heterozygous__ 9} 4,710 | 24.3441.79 | 14] 6,763 | 21. 20--1.17 3. 1441. 72 1.8 
Male heterozygous__-___ 5 | 2,225 | 27. 18-41. 52 8 | 2,588 | 25. 44+41. 63 1. 7442. 23 .8 
fame erste ites Sri 6 | 2,032 | 23. 771. 25 5 | 1,477 | 24.80+2.17 | —1. 03-42. 50 .4 
JAG (CY es a Nr | POR pe (Semi ee Pe PHU ues Na Tk S| be ee eh 1. 7540. 28 6. 2 


The differences between the mean crossing over of plants with R & 
and & 7 in the six groups, when treated as a population weighted by 
the reciprocal of the squared probable errors, show a mean percentage 
of 1.75+.0.28, a departure from zero of more than six times the Boe 
able error. Five of the six determinations are positive in sign, the 
group with the smallest number of ears being the only exception. 

Plants with heterozygous # were identified by the resulting ratio 
of white to colored seeds. In back-crossed ears there are three com- - 
binations that would give 50 per cent white: 


c R we cR wer COR We Cor wer G ik we oR we 
CR Wa cRwe CR Wa’ °c R we CR Wa c R we 


This made it impossible to detect all of the double heterozygous 
plants that were also heterozygous for &. ‘There were, however, nine 
plants in the back-crossed group of the first progeny giving 50 per 
cent white, which by other pollinations were shown to be heterozygous 


—e——rree eae a ee ee eee 
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for R. This group, although giving 50 per cent white, had a crossing 
over of 16.90+0.805, which agrees well with 16.97, the average of the 
group heterozygous for 7, and differs from the average of the group 
with homozygous # by 2.5 times the probable error. Besides support- 
ing the results from the group with 43.75 per cent white, these results 
indicate that the differences are not due to the method of measuring 
the crossing over when one of the characters is dihybrid. 

ong the plants heterozygous for # back crossed on more than 
one individual, there were seven that were used both on plants homo- 
zygous dominant for 7, resulting in 50 per cent white seeds, and plants 
heterozygous for #, giving 62.5 per cent white seeds. If the lower 
crossing over-of the plants segregating 62.5 per cent ascribed to the 
heterozygous & was due to the method of measuring the crossover, a 
comparison of the two rates in these seven plants should disclose the 


_ fact. The data are presented in Table 21. 


The results show no consistent differences between the rate meas- 
ured when 50 per cent of the seeds are white and that with 62.5 per 
cent white. 


TABLE 21.—Percentage of crossing over in the male gametes of individuals back 
crossed on plants homozygous for R compared with the crossing over in the 
same individuals when back crossed on plants heterozygous for R 


Male parent Female parent 
cc R Rwzrwr cc Rrwzwr 
Difference 
Ei R— Fim) 
Cc Rr Wrwzr Percent- Percent- 
Number | age of | Number! age of 
of seeds cross- of seeds cross- 
overs overs 
Plan GENO 259 One openness codes NN OL eit 1, 523 14.2 1, SY 14.3 |—0.1 0.9 
lantaNow5 Qo estesed see. eee a a 379 26.1 1, 229 23.4 | 2.7 +1.7 
plantaiNiow b9b0 to Ses ae ds WE SS oe 2, 471 19. 9 328 13.8} 6.1 +1.4 
IRIS GENO 09 (Ge eee n aeien oth OU a Ste oe od 324 17.0 526 22.6 |—5.6 +1.9 
IRL aTE NOOO Lees a Ae ee ee 170 12.9 229 §.2| 7.7 42.0 
Blan teNor5 Ore ee a ee eR OR. 636 16.9 264 22.3 |—5.4 +2.0 
PTA GRINGO 25 G09 See hes eet orate aa ene ae 610 16.0 713 16.4 .6 +1. 4 
Te SW OS a Ses NI os Ri ge es | Meare me it (een | Hout S| bE . 96+ .99 


it follows that the reduction of crossing over associated with 
heterozygous /? probably is somewhat larger than our results indi- 
cate, for there is no way of detecting all of the individuals hetero- 
zygous for # in the groups giving 50 per cent white. 

In the second progeny the number of plants is much smaller, and 
in none of the groups taken individually are there significant differ- 
ences between the plants with & Ff and F# 7, but since none of the 

roups departs significantly from the corresponding group in the 
first progeny, they are combined in the table. In this second prog- 
eny, which was the result of selfing a plant of the gametic com- 


position aoe there were four ears with the linkage between 


dominant and recessive, one back-crossed ear giving 25 per cent white 
(CcRRWaxuwa X Cerrwexe we) and three back-crossed ears with 75 
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per cent white (Cec Rr Wawa X cerrwe wea). It can not be shown 
that the crossing over in any of these classes is not a chance departure 
from that of the larger groups, and they are therefore included in 
the table. If they are excluded, however, and the comparison con- 
fined to the back-crossed ears giving 50 per cent and 62.5 per cent 
white, the individual comparisons become statistically significant. 

That the association between heterozygous # and a reduced cross- 
ing over is not peculiar to this hybrid is shown by the results from 
another distantly related hybrid, Ph 230, considered later in con- 
nection with the factor for sweet seeds. 

The mean crossing over in the several groups is shown in Table 
22. In this progeny the effect of heterozygous R appears to be con- 
fined to the formation of the female gametes. The difference be- 
tween the mean of the 20 back-crossed ears with homozygous # 
and that of the 33 ears with heterozygous Ff is 4.15+0.96 per cent, 
a difference of more than four times the probable error. 


TABLE 22.—Crossover values in the several gametic groupings of the hybrid 
Ph 230L1 and L2R24 


Number | Percentage of 


Num- 
Nature of cross Gametic composition Pe e of seeds crossovers 


Female heterozygous: 


HOpericentawhites es. Oe nee ee eae aes cRwr . crwz \ 20 


CRW“ cr wz 
62:5:per cont-wihite=s=2 2-25 ee eee { SEW a \ 


DYE RN een Ca eee eee am per re eres Cr wr cr we 
2 { CR Wz onus } 


Cr wr a} 
CRWzcrwe 


10, 374 21. 59-£0. 69 


3 


9, 933 17. 70+ .70 


i 


1, 285 15. 462. 35 


OBL COM taVs Et CBee aati epee ate Segal agi DLs 16 5, 641 21. 88-1. 03 


Male heterozygous: 


50 per cent Wi CO tce Sree te ie ee se \ 1 6. 19 1. 16 
62.5 per cent WHC 3 oe ——S— SUE \ 15 oO 654 26. 73+ . 84 


In this hybrid it is evident also that the crossing over in the group 
giving 75 per cent white is not reduced, although A is heterozygous. 
There were 16 ears of this character with 5,641 seeds and a mean 
crossover of 21.88+1.03 per cent. This might be explained by 
assuming that to reduce the crossing over the heterozygous A must 
enter from both parents. But if this were true the group of back- 
crossed ears resulting from the combination Cc Rr Wawa X Cerr 
wae we should have a high rate of crossing over. Ears of this char- 
acter can.be detected by the low value of @, which can only reach 
0.5 with perfect linkage. Because of the linkage between C and Wa 
this combination is relatively rare, but there were 4 among the 33 
back-crossed ears giving 62.5 per cent white, and their mean cross- 
over percentage is only 15.46+2.35, a rate even lower than that of 
the group to which they have been assigned. The small number of 
ears, however, makes the probable error so large as to leave open the 
possibility that they are a chance departure from the &# group. 
The difference is 6.14+-2.45 per cent. 


"eC 
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It should be noted also that in this hybrid the crossing over is 
lower in the female. It agrees in this respect with the second 
progeny of Dh 416 and suggests the idea that the effect of heterozy- 
gous R may be apparent only when the crossing over is low. 

It is obvious that the effect of heterozygous Ff is influenced by the 
nature of the gametic composition and that the apparent differerices 
are reduced by combining all classes, as has been done in Table 22. 
With the present data, however, it seems unwise to go farther than 
to conclude that heterozygous F is associated with a reduced crossing 
over. | 

Additional evidence is to be found in the published data of Kemp- 
ton (11 pp. 71-73). His tables give the correlation between ( and 
Wz in two groups of ears, one homozygous for R and the other with 
F heterozygous. The & F& group has 20 ears with 12,394 seeds and 
a mean crossing over of 24.9+0.33 per cent. The A r group has 4 
ears with 2,477 seeds and a mean crossing over of 23.30.40 per 


cent. The difference is 1.6+0.52 per cent, a little more than three 


times its probable error. 


RATE OF CROSSING OVER BETWEEN C AND Wx ASSOCIATED WITH THE Su FACTOR 


In view of the fact that the rate of crossing over between ( and 


Wz is reduced when the aleurone factor (/) not in the chromosome 


with the linked pair is in a heterozygous condition, it becomes of 
interest to test the effect of other factors not involved in the produc- 
tion of color. 

Material was available involving the factor for sweet endosperm Su. 


‘The hybrid furnishing this material had as one parent a strain of 


the Dh 416 cross used throughout the present study, but the parent 
providing the sweet endosperm was from an entirely unrelated 
variety. The Dh 416 parent with respect to the factors under dis- 


‘cussion was constituted C C Rk R wa wx Su Su, and the sweet parent 


had the gametic constitution of ce rr Wa Wea susu. 
Crossed seed was colored horny, and the 7’, plants when self-polli- 


nated had colored and white seeds in the ratio of 9 to 7%. With 


respect to the texture of the endosperm the seeds were classed as 9 
horny, 3 sweet, 8 waxy, and 1 waxy-sweet. Colored-horny and white- 
waxy seeds were planted and back-crosses obtained between them 


after the homozygous horny plants had been eliminated by means 
of pollen tests. 


The complicated aleurone and endosperm condition necessitates 


‘subdividing the data to differentiate the several types of ratios, and 


the data are considered further from the standpoint of sex. 
The ears composing these several groups are found in Table 23. 
‘Since the primary consideration is to test the effect of heterozygous 


Su as compared with homozygous Su, each aleurone group is divided 


into two classes on the basis of whether or not sweet seeds were 


produced. Since all the ears tested are the result of back crosses on 


white-waxy plants that were either heterozygous or homozygous for 
Su, 1t_is not possible to identify the ears in the nonsweet group that 
were heterozygous for Su in one parent but were fertilized with 
pollen from a plant homozygous for Su. A certain proportion of 
the ears having no sweet seeds in one parent or the other, therefore, 
were heterozygous for Su. With this limitation in mind, the tables 
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may be examined for the effect of the Su factor. It will be seen 
that in none of the comparisons is the difference statistically signifi- 
cant. It should be noted, however, that in three comparisons where 
the female is the heterozygous parent there is a higher crossing over 
in the ears not segregating for Sw. 


TABLE 23.—Comparison of percentages of crossing over in plants heterozygous 
for Su with those in plants homozygous dominant for this factor 


Heterozygous for Su _ Homozygous for Su 
| Goce 
2 = aaa 5 omozygous 
Nature of cross Num-) Num Percentage Num-| Num Percentage |. —heterozy- D/E 
ber ber f ber | ber 
of of 2 of of of gous) 
ears | seeds | CLOSSOVEFS | gars | seeds | Crossovers 
Female gametes: 
50 per cent white_______-- 10 | 5,637 | 21. 21+-1. 20 10 | 4, 7387 | 22. 04-40. 57 0. 88--1.33 | 0.62 
G2 onWihite sea eee 12 | 4,576 | 16. 19-+1. 18 22 | 6,642 | 18.314 .76 2. 12+1. 40 1. 52 
75.0 per cent white_____-- 11 | 4,426 | 20. 61-41. 14 5 | 1,215 | 26. 49--1. 63 5. 8841.99 | 2.95 
Male gametes: 
50.0 per cent white_______ 9 | 2,451 | 26. 994-2. 30 12 | 3,482 | 25.624- .95 | —1. 372. 47 . 55 
62.5 per cent white_______ 5 | 1,873 | 27. 72+41. 54 10 | 3, 781 | 26.244 .98 | —1.48+1. 79 . 83 


RATE OF CROSSING OVER DIFFERS IN THE TWO SEXES 


One of the most striking facts concerning the association of the 
chromosomes with the transmission of characters is that in many 
forms the chromosomes behave very differently in the formation of 
male and female gametes. In the male of Drosophila when the 
segregation of characters takes place in the formation of gametes 
the chromosomes behave as units. All the characters of any given 
chromosome are transmitted together as they were received from the 
parents. It would seem not unreasonable that this difference should 
in some way result from cytological differences in the genesis of the 
microspores and megaspores, but there are other forms in which the 
reverse is true, and it is the female in which there is no crossing 
over. In still other forms, especially in many monecious plants, 
there appears to be an equal degree of freedom of crossing over in the 
two sexes. So long as difference in rate of crossing over remains an 
isolated fact unrelated to other cytological or genetic phenomenon, 
it will be necessary to grope for bearings and approach the problem 
from as many angles as possible. 

In Drosophila, where there is absolutely no crossing over in the 
male, it seems difficult to proceed by other than cytological methods, 
but in species where the crossing over takes place in both sexes but 
with different degrees of freedom it should be possible to determine at 
least some of the factors that influence or are associated with the 
diversity. 

Individual diversity in the rate of crossing over is so great that 
little reliance can be placed on comparisons of the male and female 
rate of crossing over unless the rate in both sexes-is measured in the 
same individuals. Furthermore, there is some evidence that the appar- 
ent rate of crossing over is influenced by the double recessive parent. 
For this reason the material examined in this connection has been 
restricted to reciprocal crosses of double-heterozygous and double- 
recessive individuals, 
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The records afford 13 progenies with from 4 to 49 reciprocal back 
crosses. ‘The data are presented in detail in Table 24 and summa- 
rized in Table 25. The material includes 151 reciprocal crosses. 
Measurements of crossing over in the female involve 70,898 seeds, 
and the reciprocals measuring the crossing over in the male involve 
71,891 seeds. : 

In 9 of the 13 progenies the crossing over was lower in the male and 
in 4 the crossing over was lower in the female. There is therefore 
httle ground for assuming any general tendency. In 6 of the 9 
progenies in which the male has the lower rate the difference is 
greater than three times the probable error, and in 2 the difference 
is more than six times the probable error. Thus there is no ground 
for explaining these differences as chance variations. It is equaily 
obvious, however, that at least 3 of the 4 progenies in which the 
females have the lower rate are not chance departures from equality 
or from the general mean. 


INDIVIDUAL VARIATIONS IN THE CROSSOVER DIFFERENCE 


It is possible to go further and show that variations in the cross- 
over differences of the individual plants of a progeny are not chance 
departures from the mean of the progeny. This is best exemplified 
in progeny shown in entry 10, Table 24, grown at Arlington, Va., in 
1923. In this progeny, crossing over in the male and female gametes 
was measured in 49 individuals. Crossing over in the males averaged 
2.78 per cent lower than in the females. The individual differences 
range from —13.6 to 14 and many depart from the mean to an extent 
that can not be ascribed to chance. Eight are more than four times 
the probable error, five are more than five times, and three are more 
than six times the error. 3 

Although all progenies are rather closely related, it is of interest — 
to examine their pedigrees for evidence of genetic factors affecting 
crossover difference. Entry 9, Table 25, with a significantly lower 
average crossing over in the female, is a back cross between two sister 
plants of entry 8, which showed a significantly lower average crossing 
over in the male, and the heterozygous plant parent of entry 9 had a 
lower crossing over in the male of 5.9 per cent. Entries 10 and 11 
were from two ears on the same plant. No. 10 was pollinated by a 
sister plant from a white-waxy seed and No. 11 was selfed. The 
difference between these two progenies is nearly 10 times the probable 


error. 


Thus there is no evidence that the pronounced diversity in the 
relative frequency of crossing over in the male and female is the 
result of genetic differences. 

When we turn to possible environmental differences for an expla- 
nation of the diversity, the results are equally baffling. Entries 10 
and 11 that differ so profoundly were grown in adjacent rows and 
flowered simultaneously. 

Kmerson and Hutchison (6) have reviewed the literature of cross- 
ing over in the two sexes in plants and report experiments with two 
pairs of linked factors in maize, 
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Experiments prior to those of Emerson and Hutchison have little 
bearing on the question, since they were made before the wide fluc- 
tuation in the crossing over of individuals was appreciated, and the 
comparisons were not confined to plant reciprocals. 

The pairs of characters studied by Emerson and Hutchison were 
the 6 and 7g factors, for plant color and liguleless leaves, and the ec 
and sh factors, for aleurone color and shrunken endosperm. 

The data presented on the } and /g factors involved 19 reciprocal 
back crosses and showed no significant difference in the mean crossing 
over. The behavior of the individual ears is very uniform. The 
extreme departure from equality in the two sexes is four times the 
probable error, and in a sample of 20 ears the odds against a de- 
parture of this magnitude are only 6 to 1. 

Crossing over between ¢c and sh was measured in two seasons. In 
1920, 29 reciprocal back crosses of Emerson and Hutchison (6, Zable 
3) gave a mean crossover difference of 1.12+0.186, the lower rate be- 
ing in the male. ‘The difference is more than six times the probable 
error. The mean difference is taken from the totals and the probable 


error is calculated from o=Vpq/n, wherein n=the total number of 
seeds. The mean of the array of differences weighted with the 
reciprocals of their probable errors is 1.80+0.27. Calculated in this 
way the D/F is slightly lower, but the difference is undoubtedly 
significant. 

Taken by themselves the results of Emerson and Hutchison indi- 
cate a significantly lower crossover difference for the character c—sh 
when both recessives enter in the same parent, but since differences 
of the same order are found between closely related progenies in our 
material there is little reason for associating the difference with 
coupling and repulsion series. 


TABLE 25.—Summary comparing the percentages Of crossing over in male and 
femaie gametes of plant reciprocals 


Female gametes} Male gametes : Difference ! 
. Num- 
Entry No. and progeny designa- | ber of Per- Per- 
tion ~ | recip- | Num- | cent- | Num- | cent- Stand- 
rocals | ber of | age of | ber of | age of o-d ard | D/E 
seeds | cross- | seeds | cross- devia- 
. | Overs overs tions 


Q) Dh 416L3L101L11L22__-_____- 4] 1,919 | 24.75 | 1,885 | 20.53 | 3.340. 50 1.47 | 6.68 
(2) Dh 416L3L101L11L1123____-- 7} 3,400 | 25.80 | 2,104 |) 24.50) 3. 421.66 6.52 | 2.06 
(3) Dh 416L3L1C1L1L21L23___-__- 8 | 3,064 | 31.41 | 2,686 | 32.36 |—1.41+1.00 AT LOS = LAL. 
(4) Dh 416L3L1C01L1L3123_____- 7 | 2,933 | 31.00] 1,387) 30.50] 2.661. 52 5.97 | 1.75 
(5) Dh 416L3L1C3L21_-__--_-_-- 5 | 2,331 | 27.16 | 4,100 | 23.20 | 2. 194-2. 25 7. 44 00 
(6) Dh 416L3L1C3L11L22_______- 5 |. 3,296 | 28.25 | 2,266) 22.11 | 6. 7842.16 7.18 | 3.14 
(7) Dh 416L3L1C5L21_____.____- 5 | 4,068°| 32.57 | 7,352.| 29.65 |. 4.97 . 91 3.01 | 5.46 
(8) Dh 416L3L1C5L41L23_______- 7 | 3,523 | 39.40| 3,661 | 35.80] 3.76+ .99 3.87 | 3.80 
(9) Dh 416L3L1C5L4L1L24_____- 17 |. 7,336 | 35.50 | 6,300 | 37.60 |—2. 854 .77 4.73 | 3.71 
(10) Dh 416L3L1C5L3L1R23____- 49 | 24,627 | 20.47 | 27,517 | 18.07 | 2.784 .49 5.07 | 5.67 
(11) Dh 416L3L1C5L3L2R23____- 11} 5,284 | 22.16 | 3,683} 27.42 |—5.60+ .70 3.43 | 8.00 
(12) Dh 417L1L2U11L21__________- 13 | 4,995 } 20.62) 4,693} 16.71 | 4.934 .75 4.00 | 6.57 
(13) Dh 417L1L2L1L21L23---_-_-_--- 13 | 4,122 | 25.10 | 3,757 | 29.30 |—3. 4841. 02 5.47 | 3.41 


1 The minus sign indicates those cases where there was more crossing over in the male than in the female 
gametes, 
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It should be noted in this connection that in the same two series 
there is a difference in reciprocals with respect te the percentage of 
white. In the repulsion series in the work of Emerson and Hutchi- 
son (6, Table 3) there is a significantly lower percentage of white 
when the male is the heterozygous parent (3.20.56 per cent), and in 
the coupling series (6, Zable 4) there is a lower percentage of white 
when the female is the heterozygous parent (4.0+1.2). These differ- 
ences statistically are of greater significance than the differences in 
crossing over. 

In view of wide and significant fluctuations in the rate of cross- 
ing over that can not be ascribed either to genetic or to know environ- 
mental causes, it seems probable that the much smaller differences 
between the sexes are of the same nature. Until the causes of the 
variations in crossing over are better understood it will be unsafe to 
associate differences in the crossing over of reciprocals with differ- 
ences in sporogenesis. 


DIFFERENCES IN CROSSING OVER IN RECIPROCALS WHEN LINKAGE IS NOT OPERATIVE 


In making comparisons between the rate of crossing over in male 
and female gametes where linkage was involved, it was thought de- 
sirable to assemble the same sort of data for cases where no linkage 
was possible. ; 

Table 26 shows the results of reciprocal crosses between white- 
horny plants heterozygous for waxy (¢ ¢ Wx wx) and colored-waxy 
plants heterozygous for color (C ¢ wx wa). The totals show there 
is a slight but insignificant difference between the reciprocals in the 
proportion of the crossover to noncrossover classes. 


TABLE 26.—Reciprocal crosses of colored waxy (C ¢ we waz) X white horny 
(cc Wa wa) 


White-horny ° Colored-waxy 9 Difference 
feces ee ag caer We LA eer ecee Cher roel ama eR (colored 
Cross designation waxy— 
Number | Percentage | Number} Percentage white- 

of seeds | of crossovers | of seeds | of crossovers horny) 
SROD MOTO ae eae ag ie Be else oe 290 53. 9-41. 98 189 50. 92. 45 —3. 0-43. 15 
OOD OL sea SA Sa dee, Sa 180 52. 3-42. 50 198 49. 34:2 39 —3. 0-+3. 46 
BSSSIXNS Base ae as res ee 515 47, 51. 48 538 46. 9-41. 45 —. 62. 07 
SBO2QSK3 7 Saeco EE inal alpaca 150 52. 52. 74 72 40. 8-43.90 | —11. 7-4. 76 
BSOON BIBI a2 ee oe an ea ate a a 61 33. 44. 07 389 50. 5-41.39 | +17. 144. 24 
BIS IGS Lea es hc he ai oc ema 97 49, 643. 42 26 44, 9-6. 56 —4, 7+7. 40 
S900 KS 1B a ee sae te ee een ae 414 47. 8-+1. 65 510 47, 5-1. 49 —. 32. 28 
SIO XS802 ME ec Sate le BI eae Cen 592 54. 7-1. 38 445 52. 5-E1. 59 —2, 2+2. 10 
B90T=2 XK B80 1 se Te ee Re ee 224 49. 6-2. 24 450 51. 11. 59 +1. 5+2. 75 
SIOONBSO4 eee NST She MOG Be 447 53. 441. 59 628 51. 241. 34 —2, 2+2. 08 
SOIGH S808 ae. See ate So. chee ee Ns 505 50. 9-41. 50 416 48. 1-41. 65 —2. 842. 23 
3916-2 3808-2 9 22k ea eee ea 585 49. 9-+-1. 39 360 47. 741. 77 —2. 2+-2. 25 
SUIS XBS0GR en eae Te ee ee 438 51. 5-1. 60 550 49. 0-1. 43 —2. 52. 14 
SOZZ SSO Sree kee NR 419 52. 3-E1. 64 256 49. 742. 10 —2. 62. 66 
Mie@an S00 5: tak ir te Ne EE ee SAD 0 A cae dee eee —1. 50-++ .65 


This result was anticipated, but the array of differences is some- 
what disturbing. Inspection will show that in 12 of the 14 pairs 
of reciprocals the proportion of colored-waxy and white-horny seeds 
was higher when the female parent was white horny. Of the two 
exceptions, one may be a chance fluctuation, but the other robs the 
array of its statistical significance. This plus difference results 
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from a low percentage of the crossover class on a single ear having 
but 61 seeds. Although the probable error is large, the percentage 
departs from the mean of the ears of this group by 4.3 times the 
error, which is rather large to be attributed to errors of random 
sampling, and there would seem to be some justification for discard- 
ing this pair of ears from the data under consideration. 

The criterion for the rejection of outlying observations proposed 
by Irwin (10) gives a value for P of less than 0.001. This means 
that the odds against these observations being a chance departure 
are more than 1,000 to 1. 

If this pair of ears is rejected the mean difference becomes 
—1.696+0.38, a difference almost 4.5 times the probable error. The 
magnitude of the difference, as well as its significance, approaches 
and is comparable with those observed where linkages are present. 
Such results are disconcerting and tend to discredit the significance 
of differences observed in the actual rate of crossing over in the two 
sexes, at least, in so far as these differences are attributed to linkage 
relations. 


RATE OF CROSSING OVER NOT ALIKE IN THE UPPER AND LOWER EARS OF THE 
SAME PLANT 


Having found differences in the apparent rate of crossing over 
between the male and the female, it seemed desirable to carry the 
analysis a stage further and examine the data for possible differences 
between upper and lower ears. If the observed differences between 
male and female were due to differences in environment at the time 
of the maturation divisions, it seemed not unreasonable that the time 
elapsing between the divisions in the first and second ears would pro- 
vide the possibility of a changed environment. To a certain extent 
upper and lower ears correspond to the broods in Drosophila, where 
Bridges (3) has shown that the rate of crossing over in the second 
chromosome is lower in the second broods than in the first. 


TABLE 27.—Crossing over in upper and lower ears of progeny Dh 416L3L105L3- 


L1iR23 where male gametes are measured and both ears pollinated at the 
same time 


Upper ear Lower ear 


: bee Difference 
Parent plant designation 3 
Number | Percent- | Number} Percent- upper) 
of age of of age of PP 
seeds crossover seeds crossover 


DROZ OD neat meena wate eee eT le 379 | 26.11.5 82 |} 28.0+3.3 1.9 +3.7 
GYAKI ANU EE ee eS. eee ee 170 12. 9-1. 7 340 17. 641.4 4.7 +2.2 
LGA GY RY Ea De I a ie ee | 660 22. 3-41. 1 593 23. 441. 2 1.1 +1.6 
ENO Die setae hes co on Ss Boe Sem ye Soy ee 598 17.9+1.1 583 21. 4+1.1 3.5 +1.6 
LAV US SENG TR Soe oe Ree Oe Ee ee ee ee eee 516 16. 31.1 566 16. 01.0 —.3 +1.5 
PRA A DRO DO ee a os ae ae TS STE DE 564 15. 3-41. 0 703 22. 01.0 6.7 +1.5 
PACU id wee Si Fe See | 525 18. 5+1.1 568 21. 4+1. 2 2.9 +1.6 
DR eo eee ea SHERI TE Foe a hs 266 12.0+1.3 489 16. 81. 1 4.8 +1.8 
PROGR OR INCA teas Se ee ae 3) G(Sulbe eee wee PAE | ese cesses 3. 23+ .55 


If the male gametes are subject to a selective force, it is within the 
realm of possibilities that the environment afforded by second ears 
would differ sufficiently from that of the upper ears to bring about 
differences in the survival of the gametic classes, 
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The data, therefore, have been examined from the standpoint of 
upper and lower ears. 

Stadler (76) measured the rate of crossing over between @ and 
We on the upper and lower ears of 33 plants. Of these pairs, 20 
gave a higher rate in the upper ear, but the mean difference was less 
than 1 per cent and was not statistically significant. 

From the white-waxy seeds of Dh 416L3L1C5L3L1R23 there were 
eight plants each of which had two ears pollinated simultaneously 
with pollen from the same double-heterozygous plant. The data are 
presented in Table 27. 

The results show a significantly higher crossing over in the second 
or lower ear. The mean difference is 3.230.55 per cent, a difference 
of 5.8 times the probable error. The individual differences range 
from —0.3 to 6.7 per cent, but none depart significantly from the 
mean. 

The most obvious difference between upper and lower ears, when 
both are poliinated on the same day, is the difference in the length 
of silk at the time of pollination. That this is an important factor 
is indicated by the ears from two other plants in the same progeny. 
These plants also produced two ears, each pollinated by the same 
double-heterozygous plant, but in these cases the lower ear was 
pollinated two days later than the upper ear. No record was made 
of the length of silk, but in normal plants of this type the difference 
in length of silk between upper and lower ears would be more than 
compensated by the growth in two days. (Table 28.) 


TABLE 28.—Crossing over in upper and lower ears where the lower ears were 
pollinated two days later than the upper ears 


Upper ear Lower ear 
. by ee dee eee ue 
arent plant designation upper— 
Number | P crete Number | P erennteee lower) 
of seeds ares of seeds | aS 
DISK DIO) ase a aoe Sete Deco n soos eee 5637 | 14.1+1.0 212 13. 21.6 0. 9+-1.9 
DIS NO OA ee Sea Se tee See ees 256 19. 9-1. 7 811 16.9 .9 3.01.9 
pe Natalee rot te eh ee 793 | Seema tee 1,023 ee 2.04 .50 


In both of these plants the usual order was reversed and there 
was a higher crossing over in the upper ear. The mean weighted 
difference of 2 per cent is four times the probable error, and the 
mean of these two ears departs from the mean of the eight ears pol- 
linated simultaneously by more than seven times the probable error 
of the difference. ; 

If delayed pollination of silks is reducing the crossover class 
in the male gametes, a corresponding difference might be expected 
between the tip and the base of the ear. No such difference was 
found in back-crossed ears with the male heterozygous. A mean 
difference as large as 2 per cent should have been detected in the 
material studied, but the ears are short and perhaps the silks from 
the tip and base of the ear do not differ in age sufficiently to effect 
a differential of this magnitude. Although progeny Dh 416L3L1C- 
5L38L1R23 would seem to furnish excellent evidence that lower ears 
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provided conditions more favorable to the development of the cross- 
over classes than upper ears, this condition is not found to be general 
for all progenies. | 

A closely related progeny grown at Lanham, Md., in 1924, gave 
the results shown in Table 29. Ten pairs of ears are listed, which 
provide a test of the influence of ear position on the proportion of 
crossover to noncrossover classes in the male gametes. Of these 10 
pairs 7 have a higher apparent rate of crossing over in the upper than 
in the lower ears, and the mean weighted difference in favor of a 
higher rate for the upper ears is 1.55+0.37 per cent. This dif- 
ference is more than four times the probable error and is doubtless 
significant. 

From this same progeny there are 17 pairs of ears borne on the 
heterozygous female plants. These ears provide the opportunity to 
measure not a selective action on the male gametes but differences 
in the rate of crossing over in the formation of the gametes of the 
two inflorescences, or. possibly survival rates after the gametes are 
formed. Of the 17 pairs, 10 show a higher rate of crossing over for 
the upper ears, but the mean weighted difference of 2.15+0.78 per 
cent can not be considered significant. The data are also given in 
Table 29. 


TABLE 29.—Crossing over in upper and lower ears where male and female 
gametes are measured 


[Progeny Dh 416L3L1C5L4L1-1-L24 for male gametes; progeny Dh 416L3L1C5L4L1—4-L24 for female 


gametes] 
Upper ears Lower ears 
Difference 
Plant designation | (lower— 
Number | Percentage | Number| Percentage upper) 
of seeds | of crossovers | of seeds | of crossovers 
Male gametes measured: 

BDO IDK BOOS Fee es I a 824 33. 3-1. 11 148 34. 02. 63 0. 742. 86 
SOOUSK 399 (ee oe re ee ee eas 518 38. 541. 44 181 36. 542. 42 —2. 0--2. 82 
BEOAS SSO eke ree ah Bee SS Bee 295 39. 9-1. 92 69 39. 2-3. 97 —.7+4 42 
3618><4010 ote ek ee ee 355 43. 741.77 371 40. 61. 72 —3. 142. 47 
B6205<3998 sehen ae oe es ee 364 37. 841.71 628 35. 61. 29 —2, 2+2. 14 
SOdI a OOS Were Sak seeks | Sheed Oy RE 596 39. 5-41. 35 592 37. 741. 34 —1.8+1. 91 
BAAD BORG eae WE Fans ee) SEM 325 37. 741. 28 86 35. 642. 34 —2. 1+2. 67 
408 34. 9-L1. 59 77 33. 0-43. 62 —1.9+3. 96 
491 36. 81. 47 344 39. 8+1. 78 3. 0:2. 31 
635 37. 2+1. 29 139 38. 8+2. 78 1. 643. 06 
gies er ae Sree Ue ed ek eee oe ees EE ee Te eT ee ee —1. 5543. 37 
560 35. 51. 36 154 36. 4+2. 61 .9 +2. 94 
698 37. 241. 23 448 31. 541. 47 —5.7 +1. 92 
813 38. 1-1. 15 444 36. 441. 54 —1.7 +1. 92 
495 33. 81. 42 61 25. 53. 76 —7.8 +4. 02 
166 35. 542. 50 86 35. 743. 48 .2 +4. 28 
245 38. 8+2. 10 276 36. 441. 95 —2.4 +2. 87 
355 34. 8+1. 70 444 37. 61. 55 2.8 +2. 30 
434 35. 541. 55 27 29. 75. 92 —5.8 +6. 12 
349 33. 0-1. 70 423 39. 01. 60 6.0 +2. 34 
242 39. 2+2. 12 554 37. 91. 39 —1.3 +2. 53 
Zi CU later say SES 1 2 BG ie ie oe ma Oe, 188 33. 6-42. 32 15 22. 37. 24 | —11.3 +7. 60 
Sa ees Se US ee a 118 40. 9+3. 06 249 34. 2+2. 03 —6.7 +3. 67 
AGDS na Aer eee ee DART oo ES 555 40. 7-41.40 454 31.0+1.46 | —9.7 +2.02 
AUOG Sear see he ree ee ee 397 32. 7+1. 59 355 36. 3-41. 72 3.6 +2. 34 
AGT ee pre Bae Sa oe AO 136 35. 82. 77 410 33. 141.56 | —2.7 +3.18 
AQDO Ms ee ee a, ee Re 410 31. 2+1. 54 119 34. 542. 94 3.3 +£3.33 
WU Zo re Sas Pou nre ne Yee ee ara Ee 502 36. 1+1. 44 306 29. 52. 95 —6.6 +2. 27 
IVE GST) eset 5 oye le Soe py es S| oe a |e keh sew beeper be ly cig sacs oe 2a —2.154+ .78 
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A third progeny bearing on the subject and grown at Arlington, 
Va., in 1924 is available. This progeny is related to the preceding 
two in having as one parent a line of Dh 416, but the other parent 
was an entirely unrelated sweet corn. Data from the pairs of ears 
testing a possible selective effect of upper and lower ears on the male 
gametes are shown in Table 30. There are 10 pairs with a mean 
weighted difference in the direction of a higher percentage of cross- 
overs when the pollen is applied to lower ears of 2.57+1.17. This 
difference is in the direction of that found in progeny Dh 
416L3L1C5L3U1R23, but though in the same direction it can not be 
considered significant. : 


TABLE 30.—Crossing over in upper and lower ears where male and female 
gametes of progeny Ph 230L1 and L2R2/4 are measured 


Upper ears Lower ears 
Jc ei el ee Differences 
Plant designation (upper— 
Number | Percentage | Number | Percentage lower) 
of seeds | of crossovers | of seeds | of crossovers 
Male gametes measured: 

BG I Ea enh eI re a eek pica ord 462 18. 741. 22 319 24. 3-L1. 62 —5. 642. 03 
Ls C7 1 | atic ee ae ace re Me ok eg Se Re earien oae 128 43. 9+-2. 96 317 38. 1-41, 84 5. 8-2. 48 
OKC O Sareea this cnt Senge ah a ore 708 23. 0-1. 07 190 29. 52. 23 —6. 5-42. 47 
OD 2G ee ee ee EE I ene eee 193 29. 62. 21 36 27. 445. 00 2. 2-45. 46 
DS ALGO SRO ote tal Dy eee ee a OR 265 25. 5-41. 81 274 35. 61. 95 —10. 142. 66 
QS CIS Dic Rac Sente ote SR OR a Monae 465 25. 5-E1. 36 511 24, 3-41. 28 - 1,2+1. 87 
LOK GG ies Ss iss alee ee ends aes ea 547 26. 7-1. 27 282 34. 3-41. 90 —7. 62. 29 
BAO 20 Sates ee we enw re Oe en 298 19. 2-1, 54 324 21. 61. 50 —2. 4+-2. 22 
DASSK O03 sa so Ses IN ee 394 27. 61. 52 407 20. 2++1. 34 7. 4+2. 02 
LODGS (a Se fo eae eee 450 24. 0-41. 36 554 30. 1-41. 31 —6. 11.89 

107 LOY 1 eR pce ae rail era ech ca Mates DIRS CA Ree NG sere Evie ore at ca a aes s beh elem —2. 571.17 

Female gametes measured: 

GOZS514 = Se RES ae NC Ne eB 508 17. 61. 14 265 18. 541. 60 —.9+1. 96 
COS S548: Se ae ee ee AS ee 66 24. 6-43. 58 51 20. 9-3. 82 3. 75. 23 
GI GREG NO wee ie See EE tees 118 18. 1-2. 90 320 15. 741. 36 2.4+2. 77 
G2EX SOG eats CS tae eat. eas 69 37. 83. 92 79 29, 2+3. 44 8. 6=L5. 22 
GAO 2 Dee ae 0 Be IU eae ae 234 21. 2++-1. 80 76 17. 2+-2. 92 4, 0-3. 42 
GIASSU ie nein a FeO Re SMR ioe CEN 332 24, 5-1. 59 42 30. 54-4. 80 —6. 0-45. 05 
GETESG ke es RRS I ed 451 11. 641. 01 125 31. 2+2. 80 —19. 642. 97 
G84 53S SF ctes Pe ae ah SP ee 60 25. 4:3. 80 180 19. 0-1. 97 6. 44-4. 29 
TUBS rs ie sin ans Pa NN aye ame st caes S 649 14.9+ .94 450 15. 2+1. 18 —.3+1. 48 
Df bet a as erie eer 260 21. 5-E1. 72 756 25. 7+1. 05 —4, 24-2. 02 
11) ROS <3 (SN Se ee pel | Se Oe 524 17. 7-E1. 16 140 14, 9-++2. 02 2. 82. 32 
ZO SCG setae ea Re ae 344 26. 5-1. 60 359 21. 0-1. 45 5. 542. 16 
26 XB ie ise ee A RARE ie sake 681 23. 6-E1. 10 135 19, 2+2. 28 4. 4+-2. 53 
TLDS CR LN Dh Sule ee ae ae Eo yeas oR . 379 7.64 .92 128 12. 541. 97 —4, 9+-2. 18 
1 DGG ENGI: oe CP Se ES DOE Ns 549 25. 2+-1. 25 335 13. 5-L1. 26 11. 741. 77 
ADD ake hase eas AN a a ae 396 15. 8-E1. 22 67 18. 0-43. 16 —2. 7+3. 39 
AOS GLO sae oe fee Se aes ee ee Pe 520 8.8 . 84 277 10. 0O-L1. 22 —1,2+1. 48 
FRAG ele ae 2a dl BO eae Be 398 18. 5-1. 31 330 19. 8-41. 46 —.8+1. 97 
Tila AS Sli: Ea ORG eens enti Seated) 197 13. 61. 65 523 18. 6-41. 18 —5. 0-42. 00 
TNC S75, CB CNR is aha Sica Ae as, er gh way WS 538 18. 6-41. 16 467 16. 6-41. 16 2. 0-1. 62 
NGA Bee Bi RoR IS. eRe Se, 447 19. 5-41. 26 411 25. 7-41. 45 —6. 2+1. 92 
OSD ie Benet) RS Sen IS 596 20. 5-41.11 | © 548 19. 7-41. 18 - 81. 59 
RAGE Mee aL Re ASG a eee Le eS 383 14. 2+1. 20 443 11. 5-41. 02 2. 71. 57 
AOR 268 2 Ee acer Rl Oe Jan Seles . 321 28. 1-1. 66 223 33. 6-2. 60 —5. 52. 70 
SASS Banas sees eek BP aa 455 23. 6-E1. 34 148 19. 5-2. 20 4. 142. 57 
IST PCOa hee et es MR oa ae 165 7. 61. 39 271 15. 5--1. 47 —7. 9+2. 03 
ROUSB 4S Soe pat gas AC 321 16. 71. 40 124 12, 2+1. 97 4, 5-2. 42 
DOSDGIA 2 eS Oi a EL 2 te hes 669 16.7+ .97 335 15. 2++-1. 32 1. 5-41. 67 
21S. So ern te aie ee i eee 161 21, 52. 18 286 21. 2+-1. 63 - 32. 71 
ALG Se toes ROY, ee OR SS 611 25. 641.19 367 24, 8-41. 50 1. 3-41. 91 
222 UE LMS, sect iine = LE INES Oe Sac Ne EEE 365 16. 71. 32 318 32. 0-1. 76 —15. 342. 20 
2IOXKS ses Se Oe Te es hee 371 18. 4-41. 35 99 22. 02. 79 —3. 642. 15 

IVER ar seit ae ee CONE 2) te en ae a ee ee IS Oe Bee OE renee Ae Eee Sean —. 43+ . 67 


From this same progeny 32 pairs of ears are available showing 
the difference in rate of crossing over between the upper and lower 
ears when the female parent is heterozygous. Data from these ears 
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are also shown in Table 30. ‘The differences are extremely variable, 
ranging from —19 to 11. The mean weighted difference of 0.438 
0.67 per cent is in the direction of more crossing over in the second 
ears, but obviously this is without significance. 

The three progenies examined all showed differences of compara- 
ble magnitude between upper and lower ears in the proportion of 
crossover to noncrossover seeds where the male was the heterozy- 
gous parent. Two of these progenies had the highest proportion of 
crossover seed on the lower ears; the third being the reverse, with 
a higher proportion of crossover in the upper ears. 

Since these differences are found when the male parent is hetero- 
zygous, and apparently only then, there can be no question of a 
different rate of crossing over in the formation of the gametes, and 
the differences observed could arise only as the result of some sort 
of selective action operating on the male gametes after they were 
formed. 

Only two progenies afforded material for testing differences in 
crossing over between upper and lower ears when the female was 
the heterozygous parent. These progenies were consistent in that 
no differences were found. It would seem, therefore, that even 
though environment has an effect on the proportions of gametic 
classes, the time elapsing between the maturation division in the 
upper and lower ears does not provide a period sufficiently long 
to bring about a change in the rate of crossing over. Furthermore, 
it seems clear that no consistent death rate operates among the 
female gametes, the lower ears having no higher rate of crossing 
over than upper ears. 


RATE OF CROSSING OVER NOT ALIKE IN BASE AND TIP OF THE SAME HAR 


The seeds of an ear of maize develop under closely similar environ- 
mental conditions. Nevertheless, owing to the length of the ear, the 
seeds from the base and tip are subjected during fertilization to 
slightly different conditions. 

Silks from the base of the ear emerge earlier and in consequence 
are older at the time of pollination than the silks from the tip. In 
extreme cases the difference in time of appearance may be as much 
as two or three days. In cases of this sort it is obvious that the pollen 
tubes fertilizing ovules at the tip of the ear have an advantage over 
those fertilizing basal ovules, since they have not only a shorter 
distance to grow but also younger tissue in which to develop. 

In view of these advantages, if the apparent crossing over in the 
male is influenced by differential mortality of the male gametes or a 
differential growth rate of the pollen tube, one might expect a 
difference in crossing over between the base and the tip of the ear. 
If the crossover class were the weaker it might achieve fertilization 
less frequently in ovules at the base than at the tip of the ear. 

From two sister progenies grown at Arlington, Va., in 1923, 79 
well-formed ears were selected. The seeds from the base and from 
the tip of these ears were classified separately. Since the silks from 
the extreme base of the ear often are delayed in emerging, a few 
seeds from the base of the ear were excluded from the comparison. 

With the idea of disclosing a trend from tip to base in the per- 
centage of crossing over, some of the iarger ears were divided into 
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eross sections of approximately 100 seeds each, and the crossing over 
in each section was measured separately. The fluctuations in such 
small samples were too large to detect any consistent differences at 
different levels, and these ears were included with those classified 
into tip and base by discarding the basal section and combining the 
remainder into two groups. 

The ears included back crosses between double-heterozygous plants 
and double recessives and self-pollinated double-heterozygous plants. 
Ears with both monohybrid and dihybrid ratios of white to colored 
were included, and since there are significant differences in the cross- 
over ratio of different individuals the mean ratio is of no significance. 
But the base and the tip of each ear are always of the same compo- 
sition and are measured in the same way, hence it seems a proper 
procedure to average the differences between the crossing over of 
base and tip, the differences being weighted by the reciprocals of 
their squared probable errors. 

The results show a difference between the rate of crossing over at 
the base and at the tip of the ear, with the higher rate occurring in 
the tip of the ear. Contrary to expectation, however, the difference 
is evident only when the female is the heterozygous parent. In the 
43 ears of the progeny Li, all of which were from heterozygous 
females, the percentage of crossing over in the tip exceeded that in 
the base by 1.29+0.49 per cent. In the progeny L2 the 26 ears with 


the female heterozygous showed a mean difference in the same direc- 


tion of 2.79+0.87 per cent. Combining the ears of both progenies 
having the female heterozygous, the difference is 1.80+0.44, which is 
4.1 times its probable error. In the 10 ears of the L2 progeny with 
the male parent heterozygous there was practically no difference 
in the crossing over in the base and in the tip of the ear. The mean. 
difference was 0.98+0.40 per cent, the higher crossover ratio being 
in the seeds from the base of the ear. The individual ears are listed 
in Table 31. As a check on the reliability of the difference in cross- 
ing over, a similar comparison of the tip and the base of the ears 
was made with respect to the percentages of white and of waxy. 
The results showed that in the simple Mendelian characters there 
were no significant differences between the tip and the base of the 
ears. 


TABLE 31.—Differences in percentages of crossing over in tip and base 


Tip Base 


Ear No. Percent- Percent- Gane 
Number | age of | Number| age of 1p — base) 
of seeds cross- of seeds cross- 

overs overs 


BE NON IATL API SIA a Le 334 27.8 305 24. 6 3.2 £2.3 
bah Sad ae pa 2 ot es ee a A a a F 210 18. 6 323 19.2 —.6 +2.3 
OG ey Sak as ae A Oi ee Ue ay 348 34, 2 339 25.1 9.1 42.3 
EO) feet Pe cee a ah ak ye a NaN a 288 18.4 332 19.0 0 Ouetaeul 
OTD sears SU ak ORE act WE a NL NG ee a 278 31.6 310 31.6 0.0 +2.6 
O22 ees Ae pe Mgt sy CRAIN Pel an gle Ee ca 326 18. 4 348 14.4 4.0 +1.9 
SPS i eeneoe Sn ay Oe Nee Ne oa Cpa ALA Sa Raat 180 30. 6 240 26.7 3.9 2.0 
Lh)? a ee a A me seg Sek ToD aL 294 26. 9 323 23. 2 3.7 +£2.3 
198 PA sc ag ene ee eae ec Hes Shs panna, aa th Gal Sh 368 18.5 420 23.1 | — 4.6 41.9 
EOS tee Ss a Linu ard i OR Se SU ce 59 27.1 56 26. 8 .3 +5.6 
OOS 0 eee ea olen ee eee GLE en en 161 13.0 192 10. 4 2.6 2.3 
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TABLE 31.—Differences in percentages of crossing over in tip and base—Contd. 


Tip Base 

Percent- Percent- 

Ear No. Number | ageof | Number] age of 

of seeds cross- of seeds cross- 

overs overs 

Dh 416L3L1C5L3L1R23, female heterozygous— 
Continued. 
D946 See eeins S bane, Capel yl See ee ul 196 19.4 121 11.6 
DOD Diels St Se Ie ees SOE eS yea pee ee 304 Dol 328 18.9 
HOGA eae Stat 8 Pa ee BS peed veh 444 17.8 509 22.0 
SEY) alate smyaren Ja Teen pean hepa ey OU SED ener 309 35. 2 288 32. 6 
fio oe wae aa ee See SN ol APES 3 SS oe SRO ye Mel eee ne 205 20.0 202 16.8 
OSH ae el Oe ae et ee ehec rss ea rae ee 184 26. 6 220 21.8 
EONS fo aS ot eS ae pm Oe ee eee a be 188 ads} 335 117683 
BORO SS ere ie TTR Sb a ee Se ee ee! 277 18. 4 354 16. 1 
199 0 Ese oats ane Pe eed Ae. Sha a ce ee ae 291 25. 4 301 23. 6 
259 ame eee iar Ane ee It SO ESA Cn ae Ry he SR 192 14.0 196 16.8 
AA cee pal Siase aks Shey Su what pees URNS Sat 197 33. 0 194 23. 2 
|S hs eee ER a ae 6S ee a eS Vee neg CIS LO 300 19.3 319 19. 4 
BOB eee ares eRe AE See aT SEMEL OS RE SL mote een ed 166 21.1 197 25.4 
ANCE Bie 5 Sb foe ee Outs i Tih ae ie Soe Phe ee cae 145 7.0 137 11.0 
SEZ eae ek DE aS NE SG Bs Sn ee Ede 262 28. 6 218 22.8 
593 QE Neate crt ar NOs Sine N rh ora Oso) Sen 214 19.5 250 22.9 
LU ay haa Rk ah RNG AEH te NR ee ay EN Ns aes 183 25.41 185 30. 2 
DOD Be pes seer el be AS eee Seta ee Mine ae aM 307 21.9 300 15.3 
SOG = ES de SN GN BLS se a eye ee | eA eS 343 16.6 451 18.0 
OO Tae e ee RCD 2 Feary, SOS Sher Se oats 353 20. 2 340 19.5 
GOA eke NES re Re Fg Sen, oe Mee errata SAID 161 15. 1 201 10. 5 
ide hie 2 ok is 5 2 Beas Se be eee eS aloe gee 247 14. 6 204 14. 4 
Say VO ie SVS eS Ue on SS ME ae ne pa 323 26. 0 308 21.0 
ODA ates eee De Res WARS A eta Ne 363 22.8 364 20. 7 
Eft) Rey eptes bbe alee apres ee Bh eee oS anes 77 17.6 103 16. 4 
FARTS SRA ey eS any Ws EH por Soe die Me ih ge ae 128 25.1 113 34, 2 
5O20— Dias Sees sehr Nag eet oe Eee rea eee Sa 183 17.9 152 24.1 
oA ere era Aue eto Ma CP SON ENS Sirona reat 22 144 10.1 109 29. 6 
|B SSD Yee aaa re rn ae sR ee ee ey SR eed 93 19.7 127 13.1 
NO AU e et ee eee Oa ee ee ee ee oe 137 16. 2 170 23. 5 
EO (0 Tal AA See a oe Deg Ae tape en OW peepee Pgs pe 223 18.9 263 14.8 
99 = De rea cere re er eee Sie Stee Tp ely ae emer ee 94 31.2 125 18.2 
AVA es ear PA aa ee Arran ecb has Seay ne ne Net ners NR TR VPI LE See aod eats See REE £255 2 
DI 416L3L1C5L3L2R23, female heterozygous: 

DIG OPE cece es nen Rs ea ga aes SUS Bo 316 20. 2 209 17.2 
CGY Sea eal cE oe eS ah 0 Rs Ce ae pariee a aree 270 29. 6 273 30. 7 
GUS Nea ee heat Ae ceased es es Se eee Bo 286 21.0 204 18. 6 
CS Areata Eee rap rae te rene NN es 304 21.7 237 19.4 
G42 Beate ee ae be ts MRE ee WES ee Sarg 122 Sia 203 30. 0 
OVS G22 ee eee are oe Frober. arora 2h oe 324 37.0 310 28.4 
UG 2B Sis ET EL aR a Sd rl Aik oh 186 26. 3 255 18.0 
G12 () esses ease Seren mene etree eg) 3 136 23.5 102 15. 6 
GIZA aac an eee sped ae ne POR Ae pe ag 199 10. 4 ill 33 
COTS ase a in ee Ded en atesigs Ov Eres ER 198 Dial 125 26. 8 
TS Gea an cae eC pie Saeed sae ee 2 362 15.3 299 18.4 
OLIS Re ae eee ee Sean aa eee TR 302 33. 8 203 29. 0 
GSD eames eee os sie te a ee 177 12.7 211 19.4 
GTB esr eer var Re SE ee on re 127 30. 4 100 28.9 
S11 eae ast a «et Sc ne 2 ls 146 Ze 101 21.9 
Gl GO rete e tn Sta eA eB Se oe 300 29.9 230 20.1 
GLOGS Sa tee ate Mer sya 0 Re eee Nes 184 18.7 103 13.5 
CY SDE ee al = oe peo te a A 180 1b? 229 22.8 
VPA) ea EN TS a Re Eo Gee 222 33.9 306 25. 1 
GLb Dap ease bien wae oy lees 2 ey) Pig ee et 368 17.4 309 19.9 
G0 2S ee ee ee et etn ee ee ee 297 19.5 212 17.9 
GS eae tele se da Oe ee ee A 156 25.9 106 15.8 
CYA ss Seg FO ke De ee ee 9 251 29. 2 214 20. 4 
G1 GA age ee oe pani EL ee Da 89 41,9 94 20. 6 
ONG} oS Sie ROR re a Sa 245 18.9 315 23. 4 
(Oy Ua Oe ae i eee ah pn COI ER an ee ee 125 31.3 120 11.6 

IMGT ear Sir ea AE eR es OS SUED tal cy | aE [MIN nn) ROR eet Pee ysteNa 
Dh 416L3L1C5L3L2R23, male heterozygous: 

See mk hae ae US EN et ee 205 26. 3 106 27.4 
CDNAS Sen SE Se A te ile ag nee eho eae 140 26. 4 201 30.3 
(G0 bee Sg a oe Se ek a ey en Sree 202 24.8 180 22.8 
GO 24 enka RNa rote ager fa rt sco rgb ey eee lS ee 272 33. 1 220 35. 5 
GUE lise trade ere ag ey eM es ee 160 34, 4 140 36. 4 
GONG See ee ae SU a Tne oie Se 170 24,1 123 26.8 
GODS ainsi a Nh a A Aaa la 225 13.4 213 13.8 
OS Maps cc ne Nd Ss ot 120 34, 2 149 31.4 
CO20 RSS ee eer A a. See a 122 40.0 101 39. 2 
G02 7s ee en Sa e e ey  ees 219 24. 5 281 26. 6 

VIG Sere Mewes Bao petty iat oats Cee 2s Cb ee raw See aS SORE CG (De, Lee eee 
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It appears that in these two progenies there is a small but signifi- 
cant difference in the rate of crossing over at the base and at the 
tip of the ear. This difference is confined to the formation of female 
ewametes and is not found when the male is the heterozygous parent. 
Tt should be kept in mind that the results are based on the behavior 
of two closely related progenies. These same two progenies, how- 
ever, showed a striking difference in the relative frequency of cross- 
ing over in male and female. 

The most obvious difference in the conditions of fertilization of 
the base and tip of the ear where the plant bearing the ear is heter- 
ozygous is the greater promptness with which fertilization is effected 
at the tip of the ear. This difference suggests a differential mortality 
of female gametes as the cause of the lower crossing over at the 
base of the ear. It is difficult, however, to reconcile this explanation 
with the regular arrangement of the seeds on the ears measured and 
with the lack of correlation between crossing over and silk length 
considered later. 


LENGTH OF SILK NOT A FACTOR IN RATE OF CROSSING OVER 


In seeking an explanation for the greater percentage of crossing 
over on second ears as compared with first or upper ears of the 
same plants, the thought naturally occurred that the difference be- 
tween the two ears might be due to a difference in length of silks. 


TABLE 32.—Differences in crossover rate when measured on ears with long and 
short siiks 


[The differences are between pairs of ears pollinated simultaneously and measure crossing over in female 
and male gametes respectively] 


Silk length (inches) 


Difference in 
Designation i BIUSSOORS 
Long Short P Dif- (per cent) 


PuSreeernateer 


5 4 1 —4,7 +3. 
3 1 2 2.8 +5. 
4 34 34 —0.7 +2. 
8 34 74 | —1.0 +2. 
3 1 2 —3.6 +3. 
8 4 4 —1.6 +2. 
3 1 2, —0.3 +4. 
1 2 —1.4 +2. 
Homialoteamebeses. 3) 4 Ute 0 ml, Sian tS We ta ene ea 3 \ 314 Re am 
4 2 2 —3.0 +2. 
6 4 2 —1.9 +1. 
5 1 4 —2.5 +1. 
3 1 2 5.3 +2. 
4 1% 218 0.8 -E1. 
4 1 3 —2.6 +2.76 
5 3 W —10.1 +8. 41 
dNs 1202) 0 Ts ee ne ES INR Sarici oer Sth EE NL MR Oe Stee oe 4.5 ez 2 —1, 36+ .51 
3 2 1 | 4.8 42.02 
7/ 2. 5 —7.8 +2. eB 
4 ; bas oil 
Malewametes!: eet anu. bls). bet ee ke eke : 4 ae a8 cn 86 
3 2 1 5.0 +2. 00 
3 1 2 —1.7 +5. 45 
TAY R72 le Dn i fap Pg a a lat irecactci ip iPS Es SO 3.8 1.6 2.2) 1.0141.71 


1 Minus sign indicates those cases where the highest percentage of crossing over occurred with the long 
silks. 
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With normal corn plants the silks of the upper ear are the first 
to appear, and if the two ears are pollinated on the same day the 
silks of the upper ears would be the longer. Accordingly, an effort 
was made to test this possibility by recording the length of the 
silks at the time of pollination and cutting back the silks of the 
upper ear until these silks were exceeded by those of the second ear. 

This program was followed on double-heterozygous and double- 
recessive plants and the ears back crossed. Paired pollinations were 
made simultaneously. If the length of the silk was the determining 
factor, it could come into operation only when the male parent was 
heterozygous, whereas if the length merely served as an index of 
age of gamete its influence would “be shown when the female parent 
_ was heterozygous and the pollen all of one kind, namely, double 
recessive. 

The data for both heterozygous male and heterozygous female 
plants are given in Table 32. In examining this table it should be 
borne in mind that the differences shown are between upper and 
lower ears in each case, both ears having been fertilized by pollen 
se the same male parent, thus eliminating differences between 
plants. 

The minus sign is used to indicate those cases where the highest 
crossing over was found on the ears having the longest silks. 

The difference in crossover rates is smaller, though not signifi- 
cantly so, when heterozygous pollen is used than when the female 
parent is heterozygous, but it is apparent that length of silk either 
as such or as an index of age oi gamete is not an appreciable 
factor in determining the percentage of crossing over. 

Eight pairs of ears are available on heterozygous female plants - 
where there was no difference between the ears in silk length, and 
four such pairs are available where the male parent was hetero- 
zygous. Though the number of pairs in each case is small, they 
afford an opportunity to determine whether the rate of crossing over 
varies more in those pairs where differences in silk length were 
involved than in those where no difference in silk length existed. 
This comparison is made by squaring the differences between 
the pairs and dividing by the+/2, since differences between ears 
and not the departure from their mean are involved. 

Where the female gametes are measured and a mean difference 
in silk length of 2.68 inches exists, the standard deviation is 
2.30+0.27 per cent, and where there was no difference in silk length 
it is 5.18-+0.87. A similar situation is found with re aspect to the 
male gametes. Thus, where a mean difference in silk length of 2.2 
inches existed the standard deviation is 4.45+0.87, and where there 
was no difference in silk length it is 5.22+1.25 per cent. 

From these comparisons it seems clear that silk length is not a 
factor in bringing about differences in crossover rates. 


VARIATIONS IN METEOROLOGICAL CONDITIONS DURING ANTHESIS NOT A FACTOR 
IN RATE OF CROSSING OVER 


Plants of the progeny Dh 416L3L1C5L3L1R23 were flowering 
during a period of 15 days. During this period the mean daily 
temperature showed a fluctuation of 10 degrees F’., and on August 17 
there was a rainfall of 0.91 inch, terminating a protr acted drought. 
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If changes in temperature or humidity at the time of pollination 
influenced the apparent rate of crossing over there would be de- 
tectable differences in the mean rate of crossing over of ears pol- 
linated at different dates. The mean rate of crossing over for all 
days on which four or more pollinations were made are presented 
in Table 33. Differences in the rate of crossing over in male and 
female gametes and in the presence of heterozygous or homozygous 
F make it necessary to subdivide the ears into four groups and to 
confine comparisons to the ears of the same group. 


TABLE 33.—Crossing over measured on ears of Dh 416L3L1C5L1R23 pollinated 
on different dates 


Female heterozygous Male heterozygous 
Date of RR | Rr RR | Rr 
pollination | ) cai tet del | 
| 
- Percentage | »- ar | Percentage Percentage | x; Percentags 
Number Of cross- | Number of cross- Number of cross- | Number of cross- 

of ears overs | of ears SS of ears sSE= of ears —— 
pea (eres ies (een (ee ee 
Aug ieee |----------| Si set ee eed AO ASSES bl gh Se eee a ee 5 17. 4+0. 99 
Aug. 14_____- ft sF 7s ple eers ean te a Eh 6 | 17.440. 74 5| 18.84 .77 
Aug 6 222 = 13 | 19. 90. 82 | 6 | 17.94 .49 | 14 | 20.3 .62 10 15. 01. 30 
AES 20 se Ee eae fete eae 6 | 21.31.86 24 | 18.3+ .62 19 | 17.64 .59 
9/1864 .& 8 | 18 041.14 


The most significant difference is that between August 14 and 16 
in the R #& group of male heterozygous. The difference is 2.9+0.97 
per cent, which is three times the probable error. This departure 
is not too large to be ascribed to chance, for the difference is the 
largest of 20 possible comparisons. The magnitude, however, is of 
the same order as the variations significantly associated with other 
factors. The absence of any significant correlation between cross- 
ing over and the date of pollination is evidence that there is no pro- 
gressive change in the rate of crossing over as the season advances, 
but daily fiuctuations would not be reflected in this correlation. 

In seeking an explanation for differences between families in the 
rate of crossing over of @ and Wa, Stadler (6) considered differ-. 
ences in flowering dates and concluded that there was no apparent 
relation of flowering dates to crossover percentages. 

Another method of detecting daily fluctuations is to compare the 
mean standard deviation of crossing over on individual days with 
the standard deviation of the entire population. If the mean rates 
of crossing over on individual days differ among themselves more 
widely than should follow as the result of random sampling, the 
mean standard deviation on individual days should be less than that 
for the entire population. The mean standard deviation of crossing 
over of ears pollinated on the same day is 4.81+0.19, and that for the 
entire population is 4.570.16. The results indicate that the crossing 
over of ears pollinated on individual days were random samples 
from the general population and that changes in the meteorological 
conditions at the time of pollination did not influence the apparent 
rate of crossing over, 


) 
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RATE OF CROSSING OVER SIMILAR IN FIRST AND LAST POLLEN SHED 


Kight plants are available from a single progeny from which the 
first pollen shed was used and a further sample taken after a lapse 
of several days. The data from these plants, shown in Table 34, can 
be used to test any change associated with the age of the plant. 

The mean time difference between the first and last samples of 
pollen was 4.66 days, and the rate of crossing over was 0.48-+0.86 
per cent greater for the early samples than for the late ones. This 
difference can not be considered significant, and with the popula- 
tion of eight plants a difference of 3 per cent could have been 
detected. 

A further test of changes in the rate of crossing over associated 
with the increase in age of the parent is found in a second progeny 
where each of seven plants functioned twice as male parents with a 
lapse of one day or more in time between the two applications of 
pollen. These cases are also shown in Table 34. In this progeny the 
greater rate of crossing over is found in the late pollen, though the 
difference is not significant. 


TABLE 34.—Percentage of crossing over in first pollen shed compared avith that 
shed at a later date 


Early pollen Late pollen Difference 
Heterozygous plant Num- | Per cent- Num- Per cent- Per cent- Num- 
ber of age of ber of age of age of ber of. 
seeds | crossovers seeds crossovers | crossovers! | days 
Progeny Dh 416L3L1C1L1L2-1-L23: 
IN OF 2507 sae eS Sces a e 350 | 17. 141. 60 18 | 11.1+-7.05 | 6.0 --7. 26 9.5 
NOM 21S eter aii terete nj 719 | 37. 8-E1. 22 71 | 32. 4+3. 55 §.4 +£3.75 2.0 
INOW 25202 Si cea Nene es reeled 1,068 | 36.2+ .99 151 | 34.442. 42 1.8 +2. 62 3.0 
INOS 2) 14 Sate Aer Cani see eis seas 278 | 27. 7-41.81 606 | 20.61.21 | 7.1 +2.18 4.5 
UNIO 252 SOQ ai ai eae Pe tet Ne Se a ad 402 | 21. 6-41. 49 903 | 22.94 .94 |—1.3 -+E1.77 | 5.0 
IN OR 25192 Seabee a Re song ale ae, 462 | 33. 1-41.39 493. | 30.7+1.40 | 2.4 -+1.97 5.5 
INO SEZ 5 1 OSE Sates see aee aces re Ee 337 | 19. 0-41. 68 413 | 22,8+1.47 |—3.8 +£1.68 5.5 
INOS 25Ies Sean eee eres gee 1,211 | 27.0++ .85 226 | 28.72.03 |—-1.7 +2. 20 2.0 
VT ee ra aie ee acy ewes oe SS TL eA ee ea ee girs ES eRe ens .48 + .86 4, 66 
Progeny Dh 416L3L1C5L3L1R23: 

(Opec OR Lees Beh i SE ae a aE Re 61 | 11. 5+2. 76 595 | 18. 841.04 |—7.3 +2.94 4 
INO FS G02 1s Bes eter SRE ess re 606 | 19. 61. 09 788 | 17.34 .91 2.38 +1.41 6 
INIO RS 9OSEES> Seca te CREE eae 566 | 16. 0O-E1. 03 516 | 16.3+1.09 | —.3 +1.51 1 
INO 5 OG Sak Bator is a ee 602 | 16. 1+1. 00 210 | 19.7+1.85 |—3.6 +2. 10 4 
TiN (a) aco a ly eA 599 | 29. 0-41. 18 834 | 27. 6-41. 04 14 +1.53 6 
INIORDOSBSS foment anh 224 | 18. 71. 75 602 | 23.4+1.16 |—4.7 +2. 10 3 
INO. DOAN ae ese ae ee 256 | 19. 9-41. 68 811 | 16.94 .88 3.0 -+1.90 6 

PITS Ta wis ibe a eager A es Mace MOT cae a AN oe DO A ee WC Bee | —. 146+ .871 4.3 


1 Minus sign indicates those cases where more crossing over occurred in the late pollen. The probable 


error given has been corrected for the size of the population. 


Combining the two progenies, the mean difference becomes 
0.128 0.604 per cent, with a greater crossing over in the early pollen. 
This difference, of course, is not significant, and a consideration of 
the probable errors shows that a difference of 2 per cent could have 
been detected. 

There would seem to be no reason to believe that the rate of 
crossing over between (’ and Wa changes appreciably with the ad- 
vance of time, even though the period over which the gametes are 
forming probably is as long as the period involved in the present 
comparisons. 

From the mean difference between these paired ears it is not 
possible to determine whether environmental factors operative at 
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the period of reduction divisions have an effect on crossing over. 
The plants considered in the present groupings flowered during a 
period of a week or more, and if unfavorable climatic conditions 
affected the gametes this effect would be observed on the early 
gametes of one plant and on the late gametes of another. A com- 
bined population would mask such effects, but a consideration of 
the individual diiferences shows that none is greater than three 
times the probable error, and all reasonably may be ascribed to 
chance. 

The probable errors are so large, however, that no final conclu- 
sions as to the lack of influence of environmental factors can be 
drawn. The evidence merely indicates that factors operating during 
the period of reduction division are not critical with respect to the 
rate of crossing over. 


CORRELATIONS 


If apparent crossing over is influenced by the condition of the 
parent plants, it was thought this might be reflected in a correlation 
between vigor (as measured by the number of seeds produced) and 
the rate of crossing over. Very definite evidence of this was found 
in the data that had accumulated before 1923. Forty reciprocal 
crosses measuring the linkage between C and Wa made prior to 1923 
showed a positive correlation of 0.51=-0.08 between the percentage 
of crossing over in the male gametes and the number of seeds pro- 
duced on the ear of the double-recessive- plant fertilized by the 
heterozygous poilen. There also was a correlation of practically 
the same magnitude (0.56+0.07) between the rate of crossing over 
in the female gametes and the number of seeds on the double-reces- 
sive plant. With the idea of following up the suggested relationship 
indicated in these early experiments, an effort was made to amass 
a larger population derived from a single progeny in one season. 

The results of this effort were successful in that 47 reciprocal 
back-crossed ears were obtained in a single progeny, but the data 
show the relationship to be much less close than in the earlier experi- 
ment. The correlation between the crossing over in the male and 
number of seeds on the recessive plant was 0.24+0.09. The correla- 
tion is a little less than three times the probable error. That this. 
correlation, though small, is significant is indicated by the results 
from the entire progeny, including ears not reciprocals. The cross- 
ing over in the male was measured in 112 individuals, and the corre- 
lation between the crossing over and number of seeds produced on 
the double-recessive plant is 0.28+-0.06. This is in close agreement 
with the coefficient found in the population restricted to reciprocals, 
but is more than four times the probable error. 

A further examination of the data prior to 1923 indicates that the 
large coefficients were the result of interprogeny correlations. Ten 
progenies were involved, and when the mean crossing over in the 
male is plotted against the mean number of seeds on the recessive 
plants there is a coefficient of 0.78+0.15. The number is so small 
and the means are derived from populations that vary so greatly in 
size that no importance should be attached to this coefficient beyond 
an interpretation of the positive correlation found in the combined 
population. 
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The coefficients of correlation of a series of characters for 47 pairs 
of reciprocal back-crossed ears are given in Table 35. Most of the 
characters included are self-explanatory. With the exception of 
“ difference in crossover,” the characters are repeated in the recipro- 
cal ears. Difference in crossover is the percentage of crossing over 
in the female garnetes as measured on the double-heterozygous plant 
minus the percentage of crossing over in the male gametes measured 
on the ear produced on the double-recessive plant. The character 
“ Base without seeds ” is the distance from the base of the cob to the 
first seed borne on the ear. This character was included as being an 
indication of imperfect pollination that might be associated with 
weak pollen or ovules. Coefficients that exceed three times the prob- 
able error have been printed in italic type. These are few in number 
and for the most part are of a physical nature. The correlation of 
0.487++0.075 between the crossing over in male and female gametes, 
when compared with the absence of significant correlations between 
the percentages of white or waxy in the two sexes, is strong evidence 
that there is markedly more individual diversity in the rate of cross- 
ing over than there is in Mendelian ratios. 

In all comparisons involving the crossing over in both sexes, it 
was necessary to confine the material to reciprocal crosses. -Ad- 
ditional material was available, however, for the characters con- 
fined to single ears. Table 36 gives the correlation coefficients for 
characters of back-crossed ears grown from seeds that were double 
heterozygous and double homozygous, respectively. To the char- 
acters included in the table of reciprocals there has been added 
“Number of seeds per centimeter” and “Mean weight of seeds.” 
The first is the total number of seeds divided by the length of the 
ear expressed in centimeters. 

The only character significantly correlated with crossing over is 
the number of seeds in the ears, measuring the crossing over in the 
male, 0.278+0.059. This was mentioned in connection with the ex- 
planation of the earlier data. The corresponding correlation in 
the ears produced on double-heterozygous plants is 0.042+0.073. 
These coefficients indicate that in this progeny at least a differential 
death rate is operative on the male but not on the female gametes. 


If the vigor of the homozygous plant on which the crossing over 


in the pollen is measured were affecting the survival of the cross- 
over class, it should have been apparent in the correlations between 
crossing over in the male and certain characters, namely, ear length, 
number of rows, and mean weight of seed. These coefficients, though 
insignificant, are all positive in sign. On the other hand, the absence 
of any correlation between crossing over in the female and the number 
of seeds on the ear measuring the crossing over is in accord with the 
correlations with the other measures of vigor, two of which are nega- 
tive in sign, that with mean weight of seed being nearly three times 
the probable error. 
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Tasrte 36.—Correlation coefficients in all ears where male is heterozygous 

(progeny Dh 416L38L1C5L3L1-1-R23) and where female is heterozygous 
(progeny Dh 416L38L1C5L3L1-4-R23 ) 


[Each coefficient (in italic type), if greater than 0.185 in the upper half of the table or if greater than 0. 210 
_ in the lower half of the table, exceeds three times its probable error] 


Per- B Ti | Dat A M 
i . ase ip 3 ate | ber o ean 
Designation of progeny eee cent- | cent- cent Ear | with- | with- Num of pol- | seeds |weight 


f ber of | 4; 
and characters age of | age of | 28° o length} out Ot |e lina- | per of 
seeds | white | waxy ee seeds | seeds | '°¥S | tion | centi-| seeds 
meter 
Progeny Dh 416L3L1- 
C5L3L1-1-—R23 (male 
heterozygous): 
Number of seeds__-|_-_---- 0.005} 0.161) 0.278) 0.627|—0. 636|—0. 135} 0.651\—0.171) 0.705|—0. 026 
Percentage of 
Wititeveesae os aa 02005 |e . 701) —. 085} —.125) .074| —. 078) —.078) —.032| —.039| .194 
Percentage of waxy- . 161 S1OL Ess .042| .220) .03 | —. 103} —.014| —. 063) .080) .107 
Percentage of 
crossovers__-.--- -278| —. 085| ~. 042/22 2222 - . 162) —. 129} —.097) .106) —.091) .175) .002 
iar lenge pie oes . 627 . 125 . 220 el 6 2/2282 —. 037 . 118 .279| —. 104 . 009 . 278 
Base without seeds_| —. 636) .074| .030) —. 129) —. 037|___---- . 057) —. 143) —.07 | —. 486) .026 
Tip without seeds_| —. 135) —.078| —. 103! —.097) .118! .057|-_.---- —. 109) - .051! ..109) .033 
Number of rows-_- . 661) —.078| —.014 . 106 279; —. 143) —. 109}--_--_- —. 126 . 124, —. 036 
Date of pollination_| —.171| —.032| —. 063; —.091) —.104) —.070| .051) —.126/______- —.121| —. 220 
Number of seeds : 
per centimeter -- . 706| —. 039 . 080 5d I745) . 009} —. 486 - 109 L245) 21'| epee —. 248 
Mean weight of 
SECS Been eee eee —. 026 194 107 002| .278 026 033} —.036| —. 220; —. 248|/______- 
Progeny Dh 416L3L1 
C5L3L1-4-R23 _ (fe- 
male heterozygous): 
Number of seeds__-_|__----- 075] —.017) .042| .864) —. 888) —.839| .478| —. 212; .666) —. 165 
Percentage of 
Wihitee so Sa SUA) - 463} .024) —.082; .004/ .089) .026) —.063) .156) —. 232 
Percentageofwaxy_| —.017) .463|.------ —. 089} —.075| .075) .175} .118) .682! .093) —. 220 
Percentage of 
crossovers-_-_---_-- . 042) .024) —.089)-.----- —, 141) —.166) —.085| .004| .035) . 113) =. 205 
Ear length________- . 664) —. 082} —. 075) —. 141}--_-__- . 135] —. 077 . 186} —. 203} —. 104 . 191 
Base without seeds_| —. 388 . 004 OWS | iense OOlee ctl Gola . 190} —. 307 . 024) —. 381 . 147 
Tip without seeds_| —. 389} .089| .175| —.085) —.077| .190}--_-_-_- ~ 004). 173) —.169|)~ 2073 
Number of rows__-| .478| .026) .113) .004) .186) —.307| .004/____--- —. 189) .145) —. 206 
Date of pollina- 
On ee —. 212) —. 063} .082} .085) —.203} .024| .173) —. 189]_____-- —. 042) —. 049 
Number of seeds 
per centimeter___| .666| .156) .093) .113) —. 104) —.38/) —.169} .145) —.042)______. —. 807 
Mean weight of 
Seeds stat Sars os —. 165) —. 232) —. 220) —. 205 . 191 . 147 . 073) —. 206) —. 049) —. 307|_____-. 
| 


Data from other progenies bearing on the relation of crossing over 
and the size of ear are rather meager, but the evidence is sufficient to 
indicate definitely that the relations shown in the larger progeny 
are not general. (Table 37.) Thus 17 reciprocals in Dh 416, Lan- 
ham, 1924, show a negative correlation of —0.47+0.13 between cross- 
overs in the male and the number of seeds on the homozygous parent, 
and that between crossing over in the ovules and the number of seeds 
on the heterozygous parent is positive, 0.84+0.15. The data from 
the entire population substantiate the relation between crossing over 
in the ovules and the number of seeds, but the correlation between 
crossing over in the male and the number of seeds on the hetero- 
zygous parent, while negative, is insignificant, indicating that the 
restricted population of reciprocals was a chance deviation. Few of 
the coefficients in other progenies are significant, but the numbers 
are too small to detect correlations of the indicated magnitude, 
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TABLE 37.—Correlations showing the association of percentage of crossing over 
with number of seeds 


| 
| 
Product 
Num- 
SV asyen: ay moment 
Progeny Characters correlated eee SOeRInIe noon 
correlation(r) 
Dh 416 
L3L1C5L4L1L24, re- |Crossing over in ovules and number of seeds in heterozy- 17 | 0.33840. 15 
ciprocals. gous parent. 
1D eee oe es Be | Crossing over in ovules and number of seeds in homozy- Ne . 8714 .15 
gous parent. 
(1D Ogee eee | Crossing over in pollen and number of seeds in heterozy- 17 | —.012+ .17 
gous parent. . 
ID Yoyawins Sit giee etre Crossing over in pollen and number of seeds in homozy- 17 | —.472+ .13 
gous parent. 
Dosa esa Crossing over in polien and crossing over in ovules______ 17 | —. 186+ .16 
DO ne an Number of seeds in heterozygous parent and number of 17 . 582-+ .11 
| seeds in homozygous parent. 
L3L1C5L4L11L24, all | Crossing over in ovules and number of seeds in heterozy- 52 . 332 . 08 
ears. gous parent. 
eT) On et ats a Crossing over in pollen and number ef seeds in homozy- 55 | —. 126+ . 09 
gous parent. 
L3L1C5L41L23, all ears_| Crossing over in ovules and number of seeds in heterozy- 17 | —.054 .17 
gous parent. 
Does esas =. eee Crossing over in pollen and number of seeds in homozy- 37 . 030 .11 
gous parent. 
Dh 417: 
L1L2L1L2L23, all ears_| Crossing over in ovules and number of seeds in heterozy- 21 . 208 .14 
gous parent. 
1D {OV Saas he ee ee Crossing over in pollen and number of Seese in homozy- 19 091+ .16 
gous parent. 
ee and Hutchison 
B-Lg, reciprocals______ ' Crossing over in ovules and number of seeds in heterozy- 19 194 .16 
| gous parent. 
DO ee Behe hd Crossing over in ovules and number of seeds in homozy- 19 | —.459+ .13 
gous parent. 
IDO pte en ee Crossing over in pollen and number of seeds in heterozy- 19 | —.199+ .16 
gous parent. 
1D aye meee cs ees Foe Crossing over in pollen and number of seeds in homozy- 19 | —.3374 .14 
gous parent. = 
1D yaeeets a Peers ae Crossing over in pollen and crossing over in ovules_____- 19 . 262+ .15 
1 Boye as et ee ne SE Number of seeds in heterozygous parent and number of 19 -012+ .16 
seeds in homozygous parent. 
C-Sh, reciprocals_____- Crossing over in ovules and number of seeds in heterozy- 20 | —.1294 .15 
| gous parent. 
DOSS Ess. 2 eee Crossing over in ovules and number of seeds in homozy- 20 O41 .15 
gous parent. 
1D Ye) fates Sues aes oe | Crossing over in pollen and number of seeds in heterozy- 20 | —.0914 .15 
gous parent. 
OR Sree as Sess Crossing over in pollen and number of seeds in homozy- 20 . 568 .10 
gous parent. 
ORS ee ee ee Crossing over in pollen and crossing over in ovules-____-- 20 . 168 .15 
DOES ss tee Number of seeds in heterozygous parent and number of | 20 | —.206+ .14 
seeds in Deron EOus parent. | 


DISCUSSION 


Cytological examination shows that the reduction divisions, in the 
strains of maize under consideration, occur approximately three 
weeks before the flowers mature. ‘The period over which these divi- 
sions take place, though not well delimited, is about four days. Any 
factors which affect the proportion of crossover to noncrossover 
gametes subsequent to the reduction division would of necessity 
operate to bring about a differential death rate either of gametes 
or of zygotes. 

If te actual rate of crossing over is sees to alteration 
through the influence of environmental factors, such factors must 
be operative three or four weeks before anthesis. Further, if the 
actual rate of crossing over can be atiected only at the time of the 
reduction division, the period during which environmental factors 
can operate effectually i is limited to a : period of three to five days. 
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The method of measuring crossing over does not permit the sepa- 
ration of causes operative on the actual rate of crossing over from 
those affecting the gametic and zygotic proportions subsequent to 
the reduction divisions. 

The field can be narrowed somewhat by measuring the gametic 
proportions at different periods, on separate inflorescences and on 
different parts of the same inflorescence. 

A check on gametic death rates can be had by subjecting the 
gametes to adverse conditions, or death rates can be measured indi- 
rectly through correlating the apparent crossover rate with fertility. 

With changes in the apparent rate of crossing over so small as 
those here considered, it is impossible to distinguish with certainty 
gametic changes from differential death rates of zygotic classes. To 
compare coupling and repulsion ratios the comparison necessarily is 
made between different progenies, and it has been shown that even 
closely related progenies may have different rates of crossing over. 

It is apparent from the data considered in this bulletin that many 

factors, both environmental and genetic, affect the crossover rate. 
The results obtained with male and female gametes, with first and 
second ears, with homozygous and heterozygous A, and with butts and 
tips leave no room for doubt that each of these factors has a slight 
though significant effect upon crossing over. On the other hand 
such factors as vitality of the pollen, length of silks, and age of 
plants seem to bear no relation to the crossover rate, though in these 
cases the populations were not large enough to establish definitely 
their lack of effect within 3 or 4 per cent. However, for all these 
cases it seems reasonable to conclude that the factors considered are 
of minor importance, at most causing a difference of but 2 or 3 per 
cent and thus failing to provide an explanation for the occasional © 
large nonheritable variations from the mean rate. The explanation - 
for these variations must be looked for earlier in the ontogeny of 
the plant. 
It is not inconceivable that environmental conditions of any two 
adjacent plants might differ sufficiently at the critical period when 
reduction and segregation divisions were in progress to cause the 
observed differences in the percentage of crossing over. Such factors, 
being no longer operative by the time the flowers had matured, 
could not be associated with the effects which they might produce. 

As the work has progressed it has become increasingly evident that 
the distinction between factors that produce a measurable effect 
and those that do not depends not a little on the numbers involved 
in the several experiments. In other words, there appears to be a 
positive correlation between the degree of certainty assigned to the 
influence of a factor and the number of individuals involved in the 
experiment. Like other biological phenomena, crossing over appears 
to be not a thing apart but to react in a complex manner and in a 
varying degree to practically all changes in environment. There 
ean be little doubt that, if more refined tests were made, many of 
the factors dismissed as producing no significant changes in the rate 
of crossing over would have to be transferred to the list of significant 
factors. 

The present study seems to have eliminated most of the natural 
factors that could affect the gametic proportions subsequent to the 
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reduction division, and it is left for future investigations to de- 
termine the effect on crossing over of factors operative at an earlier 
period in ontogeny. : 

Finally, it is apparent from these studies that the percentage of 
crossing over, that is the degree of association of parental char- 
acteristics, is variable and can be altered by numerous factors, a 
condition which facilitates the dissolution of character combina- 


tions and permits flexibility in breeding. 
SUMMARY. 


A comparison of the variability of the linkage between C and 
Wa, genes for aleurone color and endosperm texture, with that for 
other linked genes in maize shows that the (—W~a linkage is no 
more unstable than that for other linked pairs. 

The variability of the crossover ratio in some progenies is greater 
than that of the ratios of the Mendelian characters involved, but 
this is not invariably so. 

Crossing over between linked genes is not always more variable 
than the proportion of independent genes, indicating that the vari- 
ability is not associated completely with linkage. 

In a study of several progenies it is apparent that some are much 
more uniform with respect to the rate of crossing over than others. 

A comparison of the variability in male as opposed to female 
gametes in 13 progenies shows that the rate of crossing over is as 
variable in one sex as in the other. 

A comparison of the variability in upper and lower ears for three 
progenies shows that the rate of crossing over is equally variable 
in both ears. 

The variability of the rate of crossing over was measured sepa- 
rately in the bases and tips of the ears of two progenies and was 
found to be alike for both sections. 

The variability of the rate of crossing over in several samples of 
single individuals was found to be less than that in single samples of 
several individuals. 

In 13 cases where pollen was divided into two lots, one being 
applied at once and the other being held for seven hours, the. 
variability of the crossover ratio in the fresh pollen was as great 
as that in the old. 

In seven cases where two samples of pollen from the same plant 
were used, one lot representing the first pollen shed and-the other 
taken several days later, it was found that the pollen produced at the 
later date was no more variable with respect to the crossover per- 
centage than that produced early. 

A comparison of the observed variability of the crossover rate 
with that expected from the operation of chance factors, as calcu- 
lated by + pq/H, shows clearly that the rate of crossing over in some 
progenies 1s no more variable than is to be expected, though in most 
cases it seems certain that factors. other than chance are affecting 
the rate. Ina series of 17 progenies the observed variability exceeds 
the expected (o5.—~pq/H) by 3.53+0.19. 

From the results obtained with 17 related progenies it is clear 
that progenies differ widely in the closeness of the linkage between 
the genes C and Wa. 
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The behavior of a number of progenies for several generations 
shows that the rate of crossing over is often inherited, but this is 
not invariably true; and it seems necessary to conclude that occasion- 
ally environmental! factors profoundly modify the rate. 

A separation of the plants into those in which the aleurone factor 
R is homozygous from those in which this factor is heterozygous 
discloses the fact that plants heterozygous for PR have a lower rate of 
crossing over than those homozygous for /. 

A comparison of the rate of crossing over in plants heterozygous 
for the sweet endosperm factor Sw with the rate of crossing over 
in plants homozygous for Sw indicates that this factor may be asso- 
ciated with the crossover rate. 

Plant reciprocals in 13 progenies show that the rate of crossing 
over is not alike in the two sexes. In some progenies the rate is 
higher in the male and in others in the female. 

Crosses providing four classes of seeds but no linkage indicate that 
the proportion of the several seed classes is not alike in the 
reciprocals. 

Pollen stored for seven hours produces a much higher proportion 
of waxy seeds than the fresh pollen. Aithough stored pollen pro- 
duces waxy seeds in excess of equality, fresh pollen produces a signifi- 
cant deficiency of waxy seeds. On the other hand, the crossover per- 
centage is not altered as a result of storing pollen, even though the 
viability of the pollen is reduced by about one-third. 

Pollen produced early in the ontogeny of the plant has the same 
gametic proportions as that produced late. 

From a consideration of the rate of crossing over on ears varying 
in length of silk, it seems clear that the length of silk is not an im- 
portant factor in the survival value of the several gametic classes. 

in three progenies the crossover rate was not alike in upper and 
lower ears when the female parent was homozygous recessive. In 
two of these progenies the rate was higher on the lower ears and in 
the other the rate was higher on the upper ears. 

Ears in which the upper and lower halves were classified separately 
show a higher rate of crossing over in the tip than in the base, but 
this difference is found only when the female parent is heterozygous. 

In some progenies crossing over in the male is found to be corre- 
lated with the number of seeds resulting from the use of this hetero- 
zygous pollen on homozygous recessive plants, but this is not true for 
all progenies. Such a correlation indicates a lower survival value 
for the crossover gametes of the male. Measures of vigor other than 
number of seeds were not found to be correlated with the crossover 
rate, indicating that the condition of the plant has no effect on the 
frequency of crossing over. _ 

The distinction between factors that produce a measurable effect 
and those that do not depends in no small measure on the number 
involved in the experiments. With the factors here considered, the 
sizes of the populations varied widely in the several experiments, and 
there can be little doubt that if more refined tests were made many 
of the factors dismissed as being without effect would be found to 
change the crossover rate a small though significant amount. 

None of the factors considered provide an explanation of the 
occasional wide departure from the mean crossover rate. 
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